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ABSTRACT
Retrofitting existing buildings has been identified as an essential strategy
to reduce greenhouse gas (GHG) emissions from the building sector. This
study examines the environmental and financial performance of different
retrofitting strategies that aim to reduce the GHG emissions of a model singlefamily building in Rhode Island using Life Cycle Assessment (LCA).
The LCA shows that retrofitting strategies can reduce the GWP by up to
41 % over the remaining service life while saving more than $ 28,000 over that
period. This can be achieved through installing programmable thermostats and
scheduled temperature setpoints, air sealing the building, installing a more
efficient boiler and air-conditioning units (AC units), and insulating walls and the
attic. Installing programmable thermostats has been identified to lead to the
biggest reduction in global warming potential (GWP) while saving the most
money. The operational phase of the building accounts for more than 97 % of
the GHG emissions over the lifetime of the building. Thus, reducing operational
energy demand has a priority before starting to reduce embodied emissions for
the type of building examined in this study.
Very high heating and low cooling setpoints can almost completely offset
the reductions in GWP through retrofitting while coming with significant extra
costs. This highlights the importance of the inhabitant’s space conditioning
habits regarding the environmental performance of a building.

The results support decision-making by homeowners who contemplate
retrofitting their building and raise awareness of the potential of retrofitting
existing buildings.
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EXECUTIVE SUMMARY
Anthropogenic greenhouse gas (GHG) emissions drive global warming,
and reducing carbon dioxide (CO2) emissions is vital to reaching the Paris
Agreement’s temperature goal of limiting warming to 2°C above pre-industrial
levels (United Nations, 2015).
The GHG emissions from a building consist of several components. The
materials used for the construction of a building have embodied emissions and
during the construction of the building, GHG are emitted as well. Embodied
emissions are attributed to an object as those GHG emitted during their
lifetime. This includes, for example, the emissions during raw material
extraction, and the production and transport of the object. The operation of
buildings causes emissions of GHG, for example, through burning fossil fuels
for space heating. Deconstruction and disposal also lead to GHG emissions.
Building operation causes more than 38 % of the U.S.’s CO2 emissions and
consumes about 40 % of the U.S. energy (U.S. Green Building Council, 2006).
Approximately 56 % of the GHG emissions associated with buildings are
attributed to residential buildings, while commercial buildings account for the
remaining 46 % (Onat et al., 2014; U.S. Energy Information Administration,
2013).
Retrofitting existing buildings has been identified as an essential strategy
to reduce emissions from the building sector (Gerarden, 2013; Onat et al.,
2014; Vilches et al., 2017). While the construction of new energy efficient
buildings leads to reduced emissions through operation, these reductions only
1

occur in the long term. However, retrofitting buildings reduces operational
emissions instantly while the initial emission of GHG for the retrofit is relatively
small compared to new construction. Thus, retrofitting offers a tremendous
short-term alternative to save GHG emissions (Preservation Green Lab, 2011)
and provides a solution for reaching short-term climate goals.
In New England (N.E.), 66 % of all residential buildings are single-family
detached (SFD) buildings (U.S. Energy Information Administration, 2015). Of
these buildings, 80 % have been built before 1989 and 50 % were built before
1969 (U.S. Energy Information Administration, 2015) showing that the majority
of residential buildings in this region are rather old. This highlights the
relevance of energy retrofits for this region.
Even though many Life Cycle Assessments (LCA) regarding retrofitting of
buildings have been conducted, a knowledge gap exists regarding the
determination of the environmental impacts of energy retrofitting strategies in
Rhode Island (R.I.). This study uses LCA to examine the environmental
performance of eight retrofitting strategies that aim to reduce the GHG
emissions of a model single-family building in R.I. This study also evaluates
the financial costs and benefits of each retrofitting strategy.
This study gives guidance to homeowners contemplating an energy
upgrade to their building by showcasing the impact of different retrofitting
measures on the carbon footprint as well as the financial performance of these
measures. The carbon footprint describes the total GHG emissions of an
object and is measured in carbon dioxide equivalents (CO2e). Comparing
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possible savings with the necessary investment costs allows for evaluating
whether a specific measure has the potential to pay off and save money over
the lifetime of the building.
Based on information from the Baseline Energy Home Assumptions
(Energy Star, 2012a) in combination with the Residential Energy Consumption
Survey (RECS) (U.S. Energy Information Administration, 2015), the functional
unit of this LCA is defined as a single-family residential building in R.I. built in
1980 with a floor area of 1800 sqft (167.2 m2)a. It includes the operation of the
building regarding space heating and cooling, water heating, and lighting for a
remaining service life (RSL) of 30 years.
This LCA includes the foundations, structure, and envelope of the
building. Additionally, operational energy for space heating and cooling, water
heating, and lighting are included.
The life cycle stages consisting of raw material supply, transport, and
manufacturing at the product stage will be considered. Stages of transport to
the site and construction, as well as end-of-life stages, will not be included
because the GWP impact of these stages is less than 5 % (Evangelista et al.,
2018; Lavagna et al., 2018; Petrovic et al., 2019b; Struhala & Ostrý, 2021).
This study examines the impacts of retrofitting residential buildings on
Global Warming Potential (GWP). Additionally, to detect possible burdenshifting towards secondary impact categories, ecotoxicity, human health
regarding respiratory effects, ozone depletion, and acidification are analyzed.
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The Life Cycle Impact Assessment (LCIA) is conducted using the LCA
software Brightway2 and accessing the Ecoinvent-database. The method used
to calculate the GWP is the IPCC 2013 no LT (Intergovernmental Panel on
Climate Change, 2014), where LT refers to long term emissions. As the GWP
data from Ecoinvent provides an approximation, the LCIA calculations will be
conducted using Monte-Carlo Simulations with 50 iterations. This procedure
ensures more realistic results that account for the uncertainty modeled within
the database. The energy demand of the model building, and the different
scenarios will be calculated using the BEopt (Building Energy Optimization
Tool) software.
The calculated energy demands for each scenario are utilized to calculate
the monetary savings during the operational phase of the building. The
savings and investments are discounted using the time value of money. This
allows the comparison of net present values for each scenario. Investment
costs are estimates based on market research and an expert’s opinion (Macht,
2022).
Uncertainty cannot be eliminated entirely from the results when modeling
an LCA for such a complex system as a building (Hauschild et al., 2017).
Therefore, an LCA always remains an approximate calculation of the studied
object’s impacts. However, as uncertainties are minimized, the LCA still
provides relevant results.
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The results of this study should be taken as trends that, even accounting
for uncertainty, allow suggestions and recommendations to homeowners and
policymakers.
The characteristics of the model building are based on the Energy Star
Savings Analysis Baseline Home Assumptions (ESSABHA) (Energy Star,
2012a) and analysis of the RECS data (U.S. Energy Information
Administration, 2015).
As part of this study, different retrofitting scenarios were compared. Each
scenario has the building construction and use phase in common until a
possible retrofit. The scenarios examined in this study are Baseline, No
retrofit, Improved wall insulation, Improved roof insulation, Reduction of air
leakage through sealing, Choosing a more efficient boiler, Choosing more
efficient AC units, Installing programmable thermostats and Irresponsible
behavior by inhabitants
The embodied emissions of the building materials are 25,825 kg CO2e.
This was validated using the BEAM (Building Emission Accounting for
Materials) spreadsheet (Builders for Climate Action, 2022), which calculates
embodied GHG emissions of 18,750 kg CO2e. This is 27 % lower than the
result obtained by Brightway2.
Analysis of the embodied emissions shows that reinforced concrete parts
of the building account for 52.6 % of the building’s embodied emissions. If the
windows are included, these parts account for almost two-thirds of the
building’s embodied emissions (64.9 %). The superstructure of the building is
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made from a timber structure, with a relatively small footprint. Therefore, the
overall footprint per square meter of the building is relatively small, with
110 kg CO2e/m2.
The measures that reduce the annual energy demand the most, like
installing programmable thermostats and air sealing lead to the most
significant decrease in GWP (7 % and 5 % reduction in GWP respectively). If
the pre-retrofit phase does not influence the future energy performance,
analysis of only the future GWP shows that 17 % and 11% GWP are saved
over the remaining lifetime. Furthermore, irresponsible heating and cooling
behavior lead to a significant increase in energy demand. Setting very high
heating setpoints during winter and very low cooling during summer leads to a
10 % increase in GWP in this model and even 23 % when only considering the
RSL. This emphasizes the importance of sensible thermostat setpoints.
Combinations of the three best individual measures regarding GWP were
analyzed. Furthermore, an all-in environmental approach including all GWPreducing measures and an all-in financial approach, including only financially
beneficial measures, were evaluated.
All retrofitting combinations lead to a reduction in energy demand and
GWP. However, if combined with all measures that reduce GWP, irresponsible
behavior can almost completely offset the GWP reductions. Additionally, the
NPV for this combination is $ -9,894, meaning that this combination is more
expensive than the baseline scenario. This highlights the importance of
sensible heating and cooling setpoints. As expected, the all-in environment
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combination leads to the most significant reduction in GWP by 17 %.
Implementing all financially positive measures leads to the biggest monetary
savings.
Only air sealing the building and installing programmable thermostats
saves as much money as the all-in environmental approach while offering a
substantial reduction in GWP. Compared to all-in combinations, this can be
achieved with relatively easy and quick measures.
In contrast, those combinations including irresponsible behavior have a
similar GWP compared to the baseline scenario although including a variety of
retrofitting measures. This shows that this behavior can almost completely
offset the retrofit gains and cause high extra costs.
No combination shows a reduction in GWP compared to the baseline
scenario while leading to an increase in a secondary impact category
(ecotoxicity, human health regarding respiratory effects, ozone depletion,
acidification). Thus, the examined strategies show no signs of burden-shifting
across the studied impact categories.
Even for the combination that has the least operational emissions, GHG
emissions from operational energy account for 97.9 % of the emissions when
considering all emissions from building materials and the operation of the
building.
Increased utility prices lead to a higher NPV for every scenario and
combination except for the two combinations that include irresponsible
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behavior. This means that apart from these, every retrofitting strategy is
financially more beneficial with higher utility prices than the original prices.
The all financially positive strategy leads to the biggest net present
value (NPV), while the all-in environment approach leads to the smallest
GWP. Irresponsible behavior is the only scenario that leads to an overall
increase in GWP while also having the greatest negative NPV. Both
combinations that include irresponsible behavior and the insulation of walls
lead to a reduction of GWP compared to the baseline scenario. However,
these strategies have a negative NPV. Therefore, insulating the walls is less
likely to be implemented. Retrofitting strategies that perform well financially
often also imply reductions in GWP. Energy demand and NPV are inherently
connected through utility costs, explaining the connection between GWP and
NPV. While the results of this study should not be taken as absolute savings
applicable to any building, they offer trends and show potential for retrofitting,
which relates to many buildings in the N.E. region.
The majority of GHG emissions from the model building are caused during
the operational phase of the building (97.9 % operational GHG emissions for
the scenario with all retrofitting measures implemented). The operational
emissions are mainly caused by space heating in the building (90.7 %). The
results of this study fall within the range of other LCA studies (Chastas et al.,
2018; Kumar et al., 2015), although the operational emissions are relatively
high compared to other studies (Chastas et al., 2018). This can be explained
by the high energy demand of the building and fuel oil as the heating energy

8

source while having relatively low embodied emissions due to the use of
timber as the main building material.
Further research is necessary to improve the Life Cycle Inventory (LCI)
data quality for building LCAs. This will increase the accuracy of the results.
Tools like the BEAM spreadsheet (Builders for Climate Action, 2022) help
evaluate the carbon footprint of buildings. Implementing this data in LCI
databases would help conduct future LCAs.
Dynamic modeling of the future service life could include development in
the energy mix towards a greater share of renewable energy sources. This
would account for reduced operational emissions given a constant energy
demand and leads to a better depiction of the future environmental
performance of the building. Additionally, changing the main energy source for
space heating to a less GHG emission intensive source as a retrofitting option
would be an interesting scenario.
Creating an integrated model to enable the comparison of different objects and
decision-making based on environmental and financial performance would
help homeowners evaluate specific cases.

9

CHAPTER 1
INTRODUCTION
Motivation
Anthropogenic greenhouse gas (GHG) emissions drive global warming,
therefore, reducing greenhouse gas emissions like carbon dioxide (CO2) is
vital to reaching the Paris Agreement’s temperature goal of limiting warming to
2°C above pre-industrial levels (United Nations, 2015).
Average temperatures in Rhode Island (R.I.) have increased steadily over
the last decades (NOAA National Centers for Environmental Information,
2021). Climate change leads to increased air and water temperatures, a
higher frequency of extreme weather events, and sea-level rise (State of
Rhode Island, 2022). These changes directly affect the residents of R.I., the
Ocean State of the U.S.
The GHG emissions from a building consist of several components. The
materials used for the construction of a building have embodied emissions and
during the construction of the building, GHG are emitted as well. Embodied
emissions are attributed to an object as those GHG emitted during their
lifetime. This includes, for example, the emissions during raw material
extraction, the production and transport of the object. The operation of
buildings causes emissions of GHG, for example, through burning fossil fuels
for space heating. Deconstruction and disposal also lead to GHG emissions.
The operation of buildings is responsible for up to one-third of GHG
emissions globally (Hirst, 2013). Thus, reducing these emissions is of great
10

relevance. Nearly 48 % of global energy demand originates from buildings
throughout their life cycle (materials, construction, operation, and
demolition) (Dixit, 2017).
Building operation causes more than 38 % of the U.S.’s carbon
dioxide (CO2) emissions and consumes about 40 % of the U.S. energy (U.S.
Green Building Council, 2006). Approximately 54 % of the carbon footprint
associated with buildings is attributed to residential buildings, while
commercial buildings account for the remaining 46 % (Onat et al., 2014; U.S.
Energy Information Administration, 2013). The carbon footprint describes the
total GHG emissions from an object and is measured in carbon dioxide
equivalents (CO2e).
Retrofitting residential buildings to increase energy efficiency and reduce
operating GHG emissions is vital to make the building sector more sustainable
and reduce the effect of global warming (Vilches et al., 2017).
The construction of new energy-efficient buildings, both residential and
commercial, leads to emissions savings in the long run because these
buildings need less operational energy due to higher energy efficiencies.
These savings occur in the long run because at first, the construction of a new
building leads to significant emissions of GHG. The reduced operating
emissions compensate for this initial “carbon spike” eventually (Röck et al.,
2020). However, retrofitting buildings reduces operational emissions instantly
while the initial emission of GHG for the retrofit is comparatively small. Thus,
retrofitting offers a tremendous short-term alternative to save GHG
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emissions (Preservation Green Lab, 2011) and provides a solution for
reaching short-term climate goals. The Life Cycle Assessment (LCA)
framework can be used to determine the GHG emissions over the whole
lifetime of a building.
In New England (N.E.), 66 % of all residential buildings are single-family
detached (SFD) buildings (U.S. Energy Information Administration, 2015). Of
these buildings, 80 % have been built before 1989 and 50 % were built before
1969 (U.S. Energy Information Administration, 2015) showing that the majority
of residential buildings in this region are rather old. This highlights the
relevance of energy retrofits for this region. However, a literature review (see
CHAPTER 2) revealed that no studies examined energy retrofitting strategies
for residential buildings in R.I. in the context of GHG emissions using an LCA
framework.
This study examines the carbon footprint of a model single-family building
in R.I. using LCA. The results will provide homeowners with a guideline for
retrofitting strategies that lead to the most significant reduction of GHG
emissions.
Additionally, this study examines the financial performance of these
strategies. Prices for fossil fuels have risen sharply due to several factors,
such as the recent Covid-Pandemic and Russia’s war in Ukraine (Krauss,
2022a, 2022b). The price increase has led to higher utility bills, and measures
that decrease energy demand lead to more significant monetary savings and
shorter payoff times for these measures. Thus, energetically retrofitting
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buildings can not only reduce the emission of GHG but at the same time lead
to significant monetary savings.

Structure and objective of this study
CHAPTER 1 introduces the field of LCA and building retrofitting strategies.
CHAPTER 2 reviews the literature on these topics and points out several key
findings from relevant studies. CHAPTER 3 explains the methodology followed
in this study to describe how the results were obtained, defines the goal and
scope of the study, and discusses its limitations and uncertainty. CHAPTER 4
describes the different retrofitting strategies examined in this study. CHAPTER
5 discusses the results in the context of the literature review. Finally,
CHAPTER 6 concludes the results of this study and gives an outlook for
possible future research.
This study uses LCA to examine the ecological impacts and financial
performance of retrofitting measures in R.I. The results highlight the potential
of retrofitting measures for single-family homes in this region and provide
decision support for homeowners. Furthermore, policymakers can use the
results of this study to shape policies or grant subsidies to incentivize desired
retrofitting strategies.
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CHAPTER 2
LITERATURE REVIEW
This literature review aims to determine the current state-of-the-art of LCA
studies in the context of buildings and retrofitting. The results of this review
summarize relevant results from recent studies and highlights the benefits and
limitations of LCA.

Procedure for literature review
The initial literature review was conducted using the following keywords in
SCOPUS: “LCA”; “building”; “retrofit”; “residential”; “case study”; “US”;
“embodied carbon”.
The results were analyzed, and a weighted score based on the following
criteria was assigned: “LCA”; “Residential building”; “retrofitting”; “similar
climate”; “located in the U.S.”; “newer than 2010”; ”case study”; “payback
times”; “overview”.
The review includes those results with the highest score. Afterward, the
retrieved literature was screened, and relevant references found in the results
were followed.

14

The Life Cycle Assessment Framework
The Life Cycle Assessment (LCA) approach will be used to evaluate the
environmental impact of a single-family building and specific retrofitting
measures. An LCA consists of four steps, which must be conducted
sequentially. According to ISO 14040 (International organization for
standardization, 2006), the four steps are: Goal and Scope, Inventory
Analysis, Impact Assessment, and Interpretation.
In the Goal and Scope section, the functional unit is defined as the base
for conducting the LCA, which is the foundation for the following steps. It
describes the desired function of the object to allow the comparison of different
ways of achieving the same function (Hauschild et al., 2017). Furthermore, the
system boundaries for this study are described.
The next step is the Inventory Analysis. During this process, information
on all required materials and components is gathered to complete an inventory
of the model building and the retrofitting measures. The inventory’s level of
detail critically impacts the effort needed to collect the inventory (Hauschild et
al., 2017). Information from previously published reports will be used to define
a reasonable cutoff according to the standard practice. Evidence-based
assumptions must be made to fill gaps in the inventory. The Life Cycle
Inventory (LCI) includes all the processes needed to describe the building
during the life cycle stages examined in this study.
The next stage consists of calculating the impacts caused by the LCI,
called Life Cycle Impact Assessment (LCIA). The final step is the interpretation
of the results from the LCIA. More detailed information about the LCA
15

framework can be found in the book by Hauschild et al. (Hauschild et al.,
2017).
LCA is a widely used tool to calculate environmental impacts over the life
cycle of a building (Nwodo & Anumba, 2019; Onat et al., 2014; Röck et al.,
2020). Most studies, however, have the reference object located in Europe,
while fewer exist in North America settings (Chastas et al., 2018; Röck et al.,
2020).
Using LCA includes not only operational emissions but also emissions
from preoperational stages of the building. Figure 1 shows the life cycle stages
of a building according to EN 15978 (European Committee for
Standardization, 2011).

Figure 1. Life cycle stages of a building according to EN 15978

The life cycle of a building consists of stages A1-5 which describe the
preoperational phase, including the product stage and the construction
process. The use phase B1-7 of the building includes repairs, refurbishments,
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and operational energy use. End-of-life stages C1-4 deal with the postoperational stage, including deconstruction of the building and disposal of its
parts. Life cycle stage group D includes the reuse and recycling of parts or
materials (European Committee for Standardization, 2011).
The preoperational emissions, which occur during the production of the
building materials, are called embodied emissions (King, 2018). Including
embodied emissions leads to a more detailed picture when evaluating the
environmental performance of a building. Embodied emissions include all
GHGs and are measured in CO2e.
The standard measure to assess the impact of different GHGs on
warming the planet over a certain period is global warming potential (GWP).
This period is usually 100 years (Hauschild et al., 2017). GHGs absorb
infrared radiation emitted by the Earth and, thus, trap the energy within the
atmosphere. The two factors influencing the GWP of GHGs are their potential
to absorb energy and their lifetime (U.S. Environmental Protection Agency,
2015).
Their impact is measured relative to the impact of CO2 to compare the
impacts of different GHG on global warming. One metric ton of methane, for
example, has a GWP of 27-30 (depending on the timeframe), meaning the
effect on global warming of a metric ton of methane is equivalent to one of
approximately 30 metric tons of CO2 (U.S. Environmental Protection Agency,
2015).
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Table 1 shows the GWP for some sample GHGs (Intergovernmental
Panel on Climate Change, 2014). GWP allows summation of the impact of
various GHGs on global warming in CO2 equivalents.

Table 1. Example of global warming potential of different greenhouse gases

GHG

Lifetime

GWP 100 years

No single lifetime
can be given

1

CO2

Carbon Dioxide

CH4

Methane

12.4

28

N 2O

Nitrous Oxide

121.0

265

CF4

Perfluoromethane

50,000

6630

HFC-152a

Hydrofluorocarbon152a, Difluoroethane

1.5

138

Studies are categorized into residential or commercial buildings (Cabeza
et al., 2014), where residential buildings are further divided into single-family,
multi-family, or high-rise (Kumar et al., 2015; Nemry et al., 2010). Likewise,
some studies regard the analysis of new buildings (Wei et al., 2021) as
opposed to existing buildings. They consider the different ages (Berg &
Fuglseth, 2018; Struhala & Ostrý, 2021) and the geographical location of the
object (Chastas et al., 2018). The scope of the studies can vary from a specific
case study (Petrovic et al., 2019a), to a representative model building
(Lavagna et al., 2018), to a whole building stock (Nemry et al., 2010).
Using LCA also allows for comparison across a very inhomogeneous field
of building types (Hauschild et al., 2017). However, specific characteristics of
each building, such as size and primary construction material, impact the
18

results of the LCA. Therefore, a meaningful comparison is only possible for
objects with similar characteristics.
Normalization enables comparing studies: for example, expressing
emissions per floor area of the building allows comparison across different
building sizes (Chastas et al., 2018; Nwodo & Anumba, 2019). However, even
for similar objects, studies often include different life cycle stages or use
different cut-off criteria when creating the LCI, which hinders comparability
across studies (Dixit, 2017; Vilches et al., 2017).
Many LCAs show that operational energy accounts for the majority of
emissions over the lifetime of a building (Chastas et al., 2018; Kumar et al.,
2015). New buildings are more efficient than older buildings in terms of
operational energy and emissions due to energy efficiency requirements on
current building codes. These requirements are fulfilled, among other things,
by larger amounts of insulation material, which adds to the embodied energy
and GHG emissions (Pombo et al., 2016). Older buildings are usually less
insulated, resulting in high demands of operational energy and a lower share
of embodied emissions than operational emissions (Leinartas & Stephens,
2015).
According to a meta-study of building LCAs by Chastas et al. (Chastas et
al., 2018), the share of embodied emissions ranges between 9 % and 80 %. A
study by Vilches et al. (Vilches et al., 2017) states a share of 10 % to 25 % for
single family buildings while in Kumar et al. (Kumar et al., 2015) a share of
6 % of embodied emissions is stated for residential buildings in Canada.
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Shares of up to 80 % of embodied emissions are reached by buildings that
use an energy mix dominated by renewable and nuclear power which
according to the study “do not directly release CO2” (Chastas et al., 2018). The
analysis of conventional buildings gives a range from 9 % to 22 %.
Conventional buildings are defined as buildings that use more than
120 kWh/m2/year of primary energy for operation as opposed to low energy
buildings (Chastas et al., 2018).
The energy mix and fuel consumption for space heating greatly influence
the operational GHG emissions (Buyle et al., 2013). Electricity generated
using wind and solar emit 13 g CO2e/kWh and 43 g CO2e/kWh respectively.
Nuclear power has an emission factor of 13 g CO2e/kWh while fossil fuels
have significantly higher emission factors. Electricity generation through
natural gas emits 486 g CO2e/kWh, using oil emits 840 g CO2e/kWh and coal
1001 g CO2e/kWh being approximately 75 times as much as wind
energy (National Renewable Energy Laboratory, 2021).
The distribution of operational and embodied emissions changes over
time. Initially, the embodied emissions from the building construction are the
only emissions. However, once the operational phase starts, the embodied
emissions remain constant (except for possible retrofits) while the operation of
the building leads to continuous emissions. Usually, operational emissions
eventually exceed embodied emissions (Röck et al., 2020).
The geographical location of buildings also influences energy
consumption and embodied GHG emissions, as operational energy demands
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depend on the climate. For example, in a cold environment, more energy for
heating is needed (Nemry et al., 2010; Vilches et al., 2017), whereas, in a hot
climate, more energy for air conditioning is necessary (Harvey, 2013; Vilches
et al., 2017). Additionally, the electricity mix varies depending on the location.
Furthermore, the transportation of materials depends on the locations.
Using locally available materials reduces emissions caused by transportation,
(Buyle et al., 2013; Hauschild et al., 2017; King, 2018). Therefore, for
evaluating lifetime energy demand and emissions, the age and location of the
building matter significantly.
Retrofitting existing buildings has been identified as an essential strategy
to reduce emissions from the building sector (Gerarden, 2013; Onat et al.,
2014; Vilches et al., 2017). LCA can calculate the emissions during the whole
building's life for different retrofitting scenarios and help decide which
retrofitting measures are ecologically most beneficial.
Shirazi et al. (Shirazi & Ashuri, 2020) examined different retrofitting
measures for single-family houses in Atlanta, GA, U.S using LCA. According
to this study, air sealing the attic and crawlspace saves 15 % of site energy.
Kumar et al. (Kumar et al., 2015) investigated four types of residential
buildings located in Canada with a lifetime of 50 years using LCA, observing a
close relationship between energy use and environmental impacts. High-rise
apartments perform the best regarding energy use and environmental impacts
compared to low-rise apartments and single-family buildings because of
shared heating gains within the high-rise apartment. For single-family
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detached (SFD) buildings, operational environmental impacts account for
95 % of the total environmental impacts. Additionally, they examine sensitivity
to the service life of the buildings. When increasing the lifetime of the building
to 75 years, operational energy accounts for more than 96 % of the lifetime
energy, further emphasizing the importance of this life cycle stage. Retrofitting
measures are excluded in this study. However, Kumar et al. suggest
operational energy reductions of around 50 % to 90 % before reducing
embodied emissions.
Nemry et al. (Nemry et al., 2010) used LCA to analyze multi-family houses
and high-rise buildings across Europe. They assume that the buildings studied
are representative of about 80% of the EU-25’s (first 25 members of the
European Union until 2006) building stock. The study investigated how
additional roof insulation, additional façade insulation, and reduction of
ventilation via new sealings can affect different environmental impact
categories. It also shows which measures are economically profitable. The use
phase of a building is dominant in the energy demand during the whole life
cycle, while construction and deconstruction are of much less importance.
Specifically, roof and façade insulation offer excellent potential for energy
efficiency improvements for single-family buildings. Air sealing the building has
a smaller impact but is feasible due to its low costs. According to the study, by
improving attic and façade insulation and air sealing the building, the
operational energy can be reduced by more than 20 % for most buildings.
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Abdallah et al. (Abdallah et al., 2015) created a model to optimize the
energy consumption of buildings in the U.S. via retrofitting measures. The
model suggests retrofitting strategies to minimize GHG emissions while
complying with a limited budget. Input data for the model includes the
building’s geometry and characteristics of fixtures and equipment as well as
occupants use. The input further includes consumption of gas and electricity
and utility rates. However, this study only analyzes the operational stage of the
building's life cycle, not taking into account the material stage which can
contribute significantly to the overall GHG emissions (Chastas et al., 2018).
A study by Hasik et al. (Hasik et al., 2019) compares the environmental
impact of the renovation of a commercial building in Philadelphia, PA, U.S.,
with a complete rebuild using LCA. Like Atlanta, Philadelphia is classified as a
humid subtropical climate (weatherbase.com, 2022). While Hasik et al.
compare the renovation with a complete rebuild, this study compares the
status quo of the building with retrofitting. Therefore, the results are only
partially comparable. Nevertheless, this study finds that renovation accounts
for only 25 % of the GWP compared to a complete rebuild, again indicating the
significance of retrofitting existing buildings. Additionally, structural parts and
the building's envelope cause the most significant share of embodied impacts
for a new building.
An LCA of a case study in Sweden (Petrovic et al., 2019a) achieves very
low operational emissions due to the Swedish energy mix, which has a large
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share of renewables. In this setting, operational energy only accounts for 21 %
of the overall GHG emissions.
Even though extensive literature exists regarding LCA for buildings and
energy retrofitting, no information exists on single-family building retrofits in
R.I. This study takes into account typical local building characteristics, regional
climate conditions and the predominantly used energy sources in this region.
The study aims to fill the knowledge gap by providing homeowners with
relevant and regional data to help their decision-making and raise awareness
of the benefits of retrofitting, ultimately leading to an increased number of
retrofits in the region.
This study provides a scientific foundation for decreasing emissions from
operating residential buildings in R.I.
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CHAPTER 3
METHODOLOGY
Goal and scope of the study
The results of this study are especially relevant to homeowners and
policymakers as they help in the decision-making process of an energy retrofit.
This study will give guidance to homeowners who are contemplating an
energy upgrade to their building. It will showcase the impact of different
retrofitting measures on the carbon footprint of a building as well as the
financial performance of these measures. Comparing possible savings with
the necessary investment costs allows for evaluating whether a specific
measure has the potential to pay off and save money over the lifetime of the
building. Additionally, the results help decide which measure should be
implemented first.
The results of this study are a qualitative evaluation of different retrofitting
possibilities, as many assumptions must be made, and each building's
characteristics influence the impact of retrofitting measures. However, even
qualitative results allow a comparison of the alternatives.
Policymakers can use the results of this study to incentivize retrofitting
measures that are ecologically beneficial but unlikely to be implemented due
to their financial inefficiency. This could help shape the residential housing
stock to reach GHG emission goals.
Because the majority of the near future’s building stock will consist of
buildings that already exist today (Amini Toosi et al., 2020), it is crucial to
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upgrade existing buildings to be more energy-efficient and thus reduce GHG
emissions. The potential of residential building energy retrofits should be
utilized to make the building stock more sustainable and reduce the impacts of
global warming.
Due to the variety of retrofitting measures, an emphasis will be placed on
the most relevant measures. These are defined based on similar studies such
as Nemry et al. (Nemry et al., 2010)) and on the Energy Star “Savings
Analysis Measure Upgrade Assumptions” (Energy Star, 2012b). The objective
of the retrofitting measures in this study is to increase the thermal resistance
of the building envelope. Measures include adding façade and roof insulation,
air sealing the building to reduce draft, and implementing a more efficient
heating, ventilation, and air conditioning system. Moreover, the impact of the
space heating behavior, namely the thermostat setpoints, is analyzed.

Functional unit
The Residential Energy Consumption Survey (RECS) dataset was utilized
to define a relevant functional unit for R.I. Therefore, the dataset was filtered to
only include buildings located in New England (N.E.). Of the total population of
residential buildings in N.E., 66 % are single-family detached houses, showing
that this is the predominant residential building type in N.E.
The assumed remaining service life (RSL) of the building has a big impact
on the LCA for the model building (Ghattas et al., 2016). O’Connor et al.
(O’Connor, 2004) investigate the actual service life of buildings in North
America. Most buildings in that study fall in the age class between 76 and 100
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years. However, this includes residential and non-residential buildings. The
average expected service life of non-residential wooden buildings is 51.6
years (O’Connor, 2004). According to (U.S. Department of Housing and Urban
Development, 2002), a common house can be expected to last 75 years,
assuming normal maintenance.
The RECS data was filtered for the age of residential single-family
detached (SFD) buildings in R.I. Only houses that are old enough to assume
less than average energy efficiency but that would still have a lifetime of at
least 30 years left to justify a retrofit are considered.
Figure 2 shows that many N.E. single-family buildings were built in 1950
and earlier (U.S. Energy Information Administration, 2015). However, the
condition of these buildings is unknown, and the expected RSL could not be
sufficient to justify a retrofit. A large group of buildings was built between 1970
and 1989. They were built when energy efficiency standards were lower.
Therefore, they offer great potential for improvement (Hauschild et al., 2017).

Figure 2. Age distribution of single-family detached buildings in N.E.
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The age of these buildings is approximately 40 years. Based on the
expected service life of a building, those buildings offer an RSL of 30 years,
defining the reference study period of 30 years.
Energy Star has defined the Savings Analysis Baseline Home
Assumptions (ESSABHA) (Energy Star, 2012a). These assumptions are used
to determine the size of the functional unit. The size of the functional unit is
adjusted using the Residential Energy Consumption Survey (RECS) (U.S.
Energy Information Administration, 2015), conducted by the U.S. Energy
Information Administration (EIA).
Comparing the average size of SFD buildings in N.E. with the U.S. within
the RECS dataset leads to a size factor of 1.04, meaning that N.E. singlefamily buildings are slightly bigger than the U.S.’s average SFD buildings (U.S.
Energy Information Administration, 2015) which is 1700 sqft (Energy Star,
2012a). The floor area given by the ESSABHA is adjusted by that factor to
account for that, leading to a model building size of 1782.3 sqft.
1700 𝑠𝑞𝑓𝑡 × 1.04 = 1782.3 𝑠𝑞𝑓𝑡

(Eq. 1)

To achieve a footprint with even footage, dimensions of 36 ft x 25 ft are
chosen, which equals a footprint of 900 sqft and a floor area of 1800 sqft. In
practice, an even value of footage is preferred over an odd value, in this case
36 ft x 26 ft, for example. However, for the purpose of this study, the
abovementioned footage is chosen to better match the overall floor area.
Based on this information, the functional unit of this LCA is a single-family
residential building in R.I. built in 1980 with two floors and a floor area of
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1800 sqft. This includes the operation of the building regarding space heating
and cooling, water heating, and lighting for an RSL of 30 years.

System boundaries
A building is a complex system involving many different parts. To be able
to conduct an LCA, system boundaries are necessary. These regard the
physical boundaries of the object of the study, the level of detail to which the
inventory is compiled, and the life cycle stages included. System boundaries
are defined in the following sections Physical scope, Life cycle stages, and
Impact categories.

Physical scope
This LCA includes the foundations, structure, and envelope of the
building. Additionally, operational energy for space heating and cooling, water
heating, and lighting are considered. Internal finishes are excluded from this
study due to the difficulty in gathering reliable and representative data (Carbon
Leadership Forum, 2019). As the structure and envelope often account for the
majority of embodied emissions in a building (Hasik et al., 2019; Scheuer et
al., 2003), excluding internal finishes did not greatly influence the results. This
study does not include infrastructure outside the building, such as roadways
(Carbon Leadership Forum, 2019). EN 15603:2008 (European Committee for
Standardization, 2008) does not list the energy demand for appliances to be
included, which is therefore left out of this study.
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Life cycle stages
This study includes life cycle stages A1-A3, which are raw material supply
and transport and manufacturing at the product stage. The stages A4 and A5,
which are the transport to the site and the construction, are not included.
Previous studies showed that, the GWP impact of these stages is relatively
small (less than 5 %) (Evangelista et al., 2018; Lavagna et al., 2018; Petrovic
et al., 2019a; Struhala & Ostrý, 2021), therefore this assumption will not
greatly alter the results of this study. The stages B1 – use, B5 – refurbishment,
and B6 – operational energy use will be considered during the use stage.
Stages B2, B3 and B4 are not included since maintenance, repair and
replacement are not investigated in this study.
End-of-life stages are not part of this study. The impact of post-operational
stages on the GWP of a building during its whole life cycle is less than 5 %,
according to several studies (Evangelista et al., 2018; Lavagna et al., 2018;
Nemry et al., 2010; Petrovic et al., 2019b; Shirazi & Ashuri, 2020; Struhala &
Ostrý, 2021).

Impact categories
This study examines the impacts of retrofitting residential buildings on the
GWP of the building through its entire lifetime. A special focus is put on the
rest of its operational life. To detect possible burden-shifting towards other
impact categories, ecotoxicity, human health regarding respiratory effects,
ozone depletion, and acidification will be analyzed. These categories cover a
wide area of environmental impacts and effects on human health. The
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secondary impact categories will not be further analyzed if no major trade-offs
are identified.

Scenarios
As part of this study, different retrofitting scenarios will be compared. Each
scenario shares the same initial situation, including the same building
materials and operational energy up until a retrofit is an option after 40 years.
For the baseline scenario, it is assumed that the building will not be retrofitted
and will remain in operation unchanged for the RSL of 30 years. Each
additional scenario will consist of one measure examined in this study.
The scenarios examined in this study are:
1. Baseline, no retrofit
2. Improving the insulation of the walls
3. Improving the attic insulation
4. Improving air sealing to reduce air leakage
5. Choosing a more efficient boiler
6. Choosing more efficient AC units
7. Installation of programmable thermostats
8. Irresponsible behavior by occupants

Replacing the windows with more efficient ones will not be considered an
individual scenario because windows need to be replaced every ten years
and, therefore, do not represent an independent retrofitting scenario,
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according to Nemry et al. (Nemry et al., 2010). However, it is possible that
windows are not changed as regularly, as assumed in this study.
Each scenario will be examined regarding the additional embodied carbon
footprint due to implementation, operational energy demand reduction, and
subsequent GHG emissions. The results will allow a comparison of the
measures’ performance in GWP. The costs for implementing each measure
will be estimated and compared with the monetary savings due to decreased
energy demand to calculate the net present value over the RSL.
Furthermore, combinations of the top three retrofitting measures in terms
of reduction of environmental impacts will be examined, resulting in four
additional cases. These combinations are modeled as individual scenarios.
The savings of an additional measure are less than if it was implemented on
its own, because an additional measure is implemented in an already
improved building. Because combining different retrofitting measures leads to
diminishing returns, these cases have to be modeled as individual cases and
the savings of each measure cannot be simply summed.
Additionally, a combination of all measures that result in reductions in
GWO and another that includes all financially beneficial measures is created,
leading to two individual cases. These two will also be combined with
irresponsible behavior to see how this can offset the gains through the
retrofitting measures, accounting for another two combination cases. In total,
eight strategies including combinations of individual measures are examined.
Overall, a total of 16 different retrofitting strategies was investigated.
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Table 2 shows a summary of all individual retrofitting scenarios.

Table 2: Summary of retrofitting scenarios

Scenario

Baseline

Retrofit

2. Walls

R11 fiber Grade 3

R11 cellulose

3. Attic

R15 fiber

R49 cellulose

4. Seal

17.4 ACH50

13.1 ACH50

5. Boiler

80% AFUE

87% AFUE

6. AC

EER 8.5

EER 15.7

7. Program. thermostats

H: 72°F, C: 75°F

H: 71°F (65°F night/work)
C: 76°F (85°F work)

1. Baseline

8. Irresponsible behavior H: 72°F, C: 75°F

H: 73°F, C: 70°F

Building Characteristics
Key characteristics must be defined to collect the building’s inventory and
calculate the energy demand for operation. The characteristics of the model
building are based on the ESSABHA (Energy Star, 2012a) and analysis of the
RECS data (U.S. Energy Information Administration, 2015).
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Table 3. Model building characteristics

Characteristics

Model building

Source

Main wall material Timber wall framing

RECS

Basement

Unconditioned, concrete walls

ESSABHA

Wall insulation

R11 grade 3 (actual R8.3), 2x4 @

ESSABHA

16” o.c.
Roof insulation

R15 (climate zone 5)

ESSABHA

Windows

Non-metal, U = 0.52, 15 % of wall

ESSABHA

area, evenly distributed across all
four sides
Air leakage

17.4 ACH50

ESSABHA

Heating energy

Fuel oil

RECS

Space heating

Oil boiler, AFUE 80 %

(U.S. Department of
Energy, 2015)

Space cooling

AC window units, EER 8.5, 30 %

(Learn Metrics, 2022).

equipment

of rooms

Thermostat

Heating: 72°F, Cooling: 75°F

ESSABHA

932 kWh/year

(U.S. Energy
Information
Administration, 2022a)

equipment

setpoints
Lighting energy

According to the ESSABHA, walls are 2x4 wood frame construction with
an insulation of R11. However, the insulation condition is assumed to be grade
3, meaning that over time and due to poor installation, cavities of 5% exist
within the walls, decreasing thermal resistance. This leads to an actual Rvalue of 8.3 according to BEopt.
ESSABHA (Energy Star, 2012a) states an infiltration rate of 17.4 ACH50.
According to an expert, this seems to be a relatively high value (Macht, 2022).
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Nonetheless, 17.4 ACH50 is assumed for consistency purposes. However,
that means the effect of air sealing might be smaller as air leakage is not as
high as assumed in this study.
The average electricity demand for lighting in N.E. is 932 kWh (U.S.
Energy Information Administration, 2022a).

Baseline Scenario
The baseline scenario describes the model building with its characteristics
during a service period of 70 years. In this scenario, the building is kept in its
original condition after 40 years, and no further retrofitting measures are taken
for the RSL of 30 years. This implies a constant energy demand over the
building’s whole service life.

Improving the insulation of the walls
There are different options to upgrade the insulation of the walls. One
option is to add additional insulation to the outside of the walls. The siding
needs to be removed, and a new house wrap must be installed before the
insulation can be mounted and new siding is added to finish the wall. This is a
very extensive measure which is also quite expensive.
A simpler option is to add insulation by blowing cellulose fiber insulation
into the wall cavity. The additional cellulose fills any gaps in the wall, improves
the insulation, and reduces heat transfer through the wall. Thus, a nominal Rvalue of 11 is assumed after implementing this measure. This study
investigates the second option.
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The additional embodied energy for this retrofitting measure mainly results
from the cellulose, which has a very small carbon footprint, and the energy
required for the actual retrofitting process. Only the GHG emissions due to the
material will be included. An expert estimates the costs to conduct this retrofit
to be around $ 10,000, including material and labor (Macht, 2022).

Improving attic insulation
For this scenario, cellulose insulation is added to the attic, improving the
insulation from R15 to R49. The cellulose insulation can be blown into the attic
to fill gaps and cavities. Approximately 9 inches of cellulose insulation are
necessary to achieve R49. While adding insulation to the roof, it makes sense
to seal the attic to reduce air leakage. However, in this study, only a general
reduction in air leakage throughout the whole building is modeled. Therefore,
these measures are examined individually.
The additional embodied energy for this retrofitting measure mainly
consists of cellulose, which has a very small carbon footprint, and the energy
required for the actual retrofitting process. Only the GHG emissions due to the
material will be included.
The investment needed to implement this measure is estimated by an
expert to be around $ 2,000, including material and labor (Macht, 2022).
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Improving air sealing to reduce air leakage
Improving the air sealing of the building leads to a decrease in energy
demand. Using caulking and expanding foam to close leaks in the building’s
envelope reduces draft and lowers energy demand. According to the
EnergyStar Measure Upgrade Assumptions (Energy Star, 2012b), a reduction
of the infiltration by 25% is assumed. The ACH50 value decreases from 17.4
to 13.1.
Additional embodied GHG arrives in the form of the caulking and
expanding foam used for sealing the house and during the implementation
process. As only small quantities of these materials are needed, they will be
neglected in the inventory. An expert estimates the cost of implementing this
measure to be around $ 1,500, including material and labor (Macht, 2022).

Choosing a more efficient boiler
Space heating accounts for up to 45% of a household’s energy expenses
(U.S. Department of Energy, 2022b). Boilers have a life expectancy of 15-30
years (U.S. Department of Energy, 2022b). BEopt assumes a life expectancy
of 20 years which falls within that range and is assumed for these calculations.
This means that the boiler must be replaced at least twice over the
assumed building’s lifespan of 70 years. A homeowner's decision is not
whether a boiler needs to be replaced but what model to choose.
More than 23 % of the main heating equipment used in N.E. is older than
20 years, 38 % is less than nine years old, and 37 % of heating equipment is
10 to 19 years old (U.S. Energy Information Administration, 2015). This shows
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that many old boilers are still in use that are probably not efficient and need to
be replaced, which highlights the importance of this retrofitting scenario.
Choosing a more efficient boiler leads to a reduction in energy demand.
The annual fuel utilization efficiency (AFUE) shows how much of the fuel’s
energy is transformed into heat. Old systems can have between 56% and 70%
AFUE, while newer systems can have up to 91% AFUE (U.S. Department of
Energy, 2015). For this study, the options of an oil boiler with 80% AFUE and
one with 87% AFUE are compared. The higher efficiency of the boiler leads to
a decrease in fuel consumption for the same heating demand, reducing GHG
emissions compared to the less efficient system.
It is assumed that the environmental footprint of installing a new boiler is
similar for both systems and thus will be neglected in the inventory. The only
difference between boilers in this study is in operational energy demand and
upfront investment costs.
Since only the decision between a more efficient and a standard boiler is
examined, this should also be considered when estimating the cost of
implementing the measure. The cost for implementing the measure should
only be the price difference between the two options. Installing either of the
boilers is assumed to be equally expensive, so only the higher material costs
for the more efficient boiler are considered. This difference is estimated to be
$ 1500 based on market research for an 80 % and an 87 % AFUE boiler at
SupplyHouse.com (SupplyHouse.com, 2022).
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Choosing more efficient AC units
Air conditioners use about 6% of all electricity produced in the United
States (U.S. Department of Energy, 2022a). Old window units with a low
energy efficiency rating (EER) use more energy than newer, more efficient AC
systems. This scenario will examine how replacing old AC window units with
an EER of 8.5 with more efficient units with an EER of 15.7 impacts energy
demand. As AC window units usually have a service life of about twelve years,
according to BEopt, the homeowner's decision is not whether to replace the
existing AC units but what model to choose. The homeowner can choose
between a cheaper, less efficient system and a more expensive system with
lower energy demand. It is assumed that both new AC systems' environmental
footprint is similar and, therefore, negligible in the inventory. The only
difference between AC-units in this study is in operational energy demand and
upfront investment costs.

Installation of programmable thermostats
The operational setting of heating and cooling systems has a big impact
on the actual heating demand. A considerable amount of energy is saved if
the heating and cooling are adjusted when needed. The most common type of
heating and cooling behavior (35 % of the households) in N.E. is setting one
temperature and leaving it there most of the time (U.S. Energy Information
Administration, 2015). The thermostat setpoints are 75°F for cooling and 72°F
for space heating (Energy Star, 2012a).
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Programmable thermostats offer a convenient option to schedule a lower
heating setpoint of 65°F during the night (11 PM – 6 AM) or working hours on
weekdays (9 AM – 5 PM). The same applies to cooling during the summer
months. Instead of keeping the cooling setpoint at a constant 76°F, it will be
set to 85°F during working hours on weekdays. These assumptions are based
on recommendations by BEopt (National Renewable Energy Laboratory,
2022). Approximately 22 % of N.E. households already use programmable
thermostats (U.S. Energy Information Administration, 2015). This study
assumes the replacement of the thermostats after 15 years.
This measure does not require retrofitting the building’s structure besides
installing programable thermostats. However, it does require a possible
change in space heating and cooling behavior.

Irresponsible behavior by occupants
The occupant’s space heating and cooling habits greatly impact the
energy demand. A scenario with irresponsible behavior by the occupants is
defined to showcase this. For this scenario, constantly high heating setpoints
(73°F) and low cooling setpoints (70°F) are assumed, and the influence on the
energy consumption will be calculated to demonstrate the impact of
irresponsible heating and cooling habits on GWP.

Life Cycle Inventory
The LCI consists of different processes with associated flows. Flows are
the inputs and outputs necessary for a process. Input flows could be materials
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or energy, while products and emissions are output flows. The output of one
process can be scaled and used as the input for another process. Figure 3
shows the relation between processes and flows (Hauschild et al., 2017). A
unit flow is the smallest element in the LCI, with defined input and output
(Hauschild et al., 2017).

Figure 3. Relations of example process “Concrete slab production” for the Life Cycle Inventory

The foreground system includes all the modeling and data that the
practitioner of the LCA itself implements. This consists of all processes
specific to the product system (Hauschild et al., 2017). In the context of this
study, the foreground system is depicted by a detailed description of all
processes needed for the model building.
The background system is defined as all the processes that are not
specific to the product system. These are linked to the Ecoinvent LCI database
(Hauschild et al., 2017).
To compile the LCI, stages A1-A3 will be analyzed to describe all material
inputs needed for the construction of the model building. A list of all
components is created based on the functional unit, information from the
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Energy Star Baseline building (Energy Star, 2012a), and input from local
architects.
The inventory is structured into three levels. The whole building, which
represents the reference flow, is located on the top. The scaled outputs from
the component’s processes are the input for the building process. Processes
like materials and energy build the input for the components. These
background processes are taken from the Ecoinvent database. All processes
are linked via their flows and the calculated quantities. Figure 4 shows the
hierarchy within the inventory and the components with some example parts.

Figure 4. Hierarchy of the Life Cycle Inventory

Breaking down the complex system of a whole building into smaller, more
manageable components and parts and their respective quantities creates a
detailed inventory for the entire building. The operational energy of the
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building is also part of the inventory. Only energy demand for space heating
and cooling, water heating, and lighting is considered in this study. The
appendix Life Cycle Inventory includes a detailed inventory for this study

Energy demand modeling
The energy demand of the model building and the different scenarios will
be calculated using the BEopt (Building Energy Optimization Tool) software.
BEopt was developed by the NREL and can be used to analyze energy
demand for residential buildings based on their specific characteristics. BEopt
uses the EnergyPlus simulation engine, whose development was funded by
the U.S. Department of Energy (DOE).
BEopt has been utilized in different studies to calculate residential energy
demand for retrofitting scenarios (Leinartas & Stephens, 2015; Wei et al.,
2021). Changes in energy demand due to specific retrofitting measures are
calculated in BEopt, and the results will be used for the different retrofitting
scenarios.
The annual energy demand can be multiplied by number of operational
years to achieve the lifetime energy demand. This is added to the inventory to
account for the operation of the building when calculating the GWP of the
building or specific retrofitting measures throughout the building’s lifecycle.
The defined building characteristics will be used as the input for the
energy demand modeling. A weather dataset of Pawtucket, R.I., is used for
the calculations to provide local climate data. BEopt uses this dataset for its
energy demand calculations.
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BEopt provides the energy demand for space heating and cooling and
water heating in MMBtu. This will be converted to Mega Joules for heating oil
as the energy source and kilowatt hours for electricity. These results will then
be used in the LCI.

Life Cycle Impact Assessment
The Impact Assessment is conducted using the LCA software Brightway2
and the Ecoinvent-database. The environmental impacts and the footprint of a
residential building and retrofitting measures are estimated using these tools.
In this study, the GWP for different scenarios is calculated. The method
used to calculate the GWP is the IPCC 2013 no LT (Intergovernmental Panel
on Climate Change, 2014). No LT means that no long-term emissions are
included in this methodology. Long-term is defined as anything that is emitted
after 100 years. These emissions are excluded since emissions that occur 100
years from now should be weighed less as emissions today; furthermore,
forecasting the impact of emissions in that time frame carries large
uncertainties (Hischier et al., 2010).
In the Ecoinvent database, uncertainty regarding the quantity of
environmental impacts is included in the data. Thus, the GHG emissions, for
example, are not given as absolute values but usually as a lognormal
distribution (Ecoinvent, 2022). Thus, the LCIA uncertainty calculations are
conducted using Monte-Carlo Simulations with 50 iterations to obtain a range
of results that account for the uncertainty. In the Monte-Carlo Simulation,
repeated random calculations based on the uncertainty data within the
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Ecoinvent dataset are conducted. The results are visualized using boxplots to
show the distribution. For further analysis, the mean values of the simulations
will be used. In this study, most exchanges from Ecoinvent are “market”exchanges. These combine industry averages for that specific product. This is
very useful when the exact characteristics of the exchange are unknown.
The calculation method chosen for the secondary impact categories is
TRACI. TRACI was chosen because the U.S. EPA developed it to offer a
methodology specific to the U.S. (Hischier et al., 2010).
The carbon footprint of the building materials is calculated using the
inventory for the baseline building without operational energy. Since the
inventory was created using partly non-construction-specific datasets from the
Ecoinvent-database, the BEAM material carbon emission estimator
spreadsheet was used to validate the calculations of embodied emissions of
the building materials (Builders for Climate Action, 2022). This spreadsheet
helps calculate the carbon footprint of the materials used in a building. It is
designed mostly for the U.S.-American and Canadian construction market,
offering regional data.

Interpretation
In the final steps, the results of the LCA will be interpreted to point out key
findings and derive suggestions for homeowners and policymakers. LCA is
used because it offers results based on the whole life cycle of a building.
Using the Ecoinvent-database for the Impact Assessment is reliable and
widely accepted (Chastas et al., 2018).
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Financial evaluation
The calculated energy demands for each scenario are utilized to calculate
the operational cost of the building. The energy equivalent of one gallon of
heating oil is 138,500 Btu (U.S. Energy Information Administration, 2011). The
average price for 1 gallon of heating oil in R.I. (Jan. 2018 through March 2022)
is $ 3.17 (U.S. Energy Information Administration, 2022b). The average cost
for one Kilowatt-hour during the same period is $ 0.205 (U.S. Bureau of Labor
Statistics, 2015). With this, the operational energy cost can be calculated by
multiplying the demand by its price.
Additionally, more recent utility prices will be used to examine how the
increased costs influence the financial performance of the retrofitting
measures. The assumed utility prices from December 2021 through March
2022 are $ 3.95 (U.S. Energy Information Administration, 2022b) per gallon of
heating oil and $ 0.239 (U.S. Bureau of Labor Statistics, 2015) per kWh of
electricity.
The savings will occur over the lifetime of the retrofitting measure,
meaning that the saved money is only available in the future. Therefore, these
future savings need to be discounted because of the so-called time
preference. This concept means that the same payment is worth more to a
person now than in the future. Since savings in the future come with
uncertainty and inflation leads to a devaluation of money, the same monetary
savings have a lesser value in the future than getting them immediately (Ross
et al., 2020).
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The present value of the savings is calculated and compared with the
upfront investment to account for this. If the present value of the savings
exceeds the acquisition, implementing the retrofitting measure is financially
desirable.
The cost of implementation and the potential savings vary depending on
the building fitted with a measure. Thus, these calculations should not be
treated as absolute results which apply to single-family buildings in general but
rather as a tendency indicating potentially beneficial measures. Costs for
combinations are a summation of the costs of each measure.
Measures where the RSL of the building exceeds the expected lifetime for
the measure, such as AC units or a new boiler, must be replaced several
times over that period. A replacement factor is defined by dividing the RSL of
the building by the component’s lifetime, which leads to the number of times
that a certain component needs to be replaced over the RSL. Evangelista et
al. (Evangelista et al., 2018) followed a similar approach.
The value of future investments must also be discounted to obtain the
present value. The following formula can be used to calculate the present
value of a future payment (Ross et al., 2020):
𝑃𝑉 =

𝐹𝑉
(1 + 𝑟)𝑛

PV
FV
r
n

(Eq. 2)

= Present value
= Future payment
= interest rate
= number of periods
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The present value of a regular cash flow, called an annuity, is calculated
with the following formula (Ross et al., 2020):
1−(
𝑃𝑉 = 𝐴𝑁𝑁 ×
ANN

1
)
(1 + 𝑟)𝑛
𝑟

(Eq. 3)

= Annuity amount

The interest rate for these calculations is 3 % based on the average daily
long-term interest rate from the U.S. Treasury (U.S. Department of the
Treasury, 2015) in April and May 2022 (3.07 %).
This approach does not account for variations in the timing of the
implementation of a measure. The timing of implementing a specific measure
depends on the specific circumstances (see chapter Limitations &
Uncertainty).

Limitations & Uncertainty
While conducting an LCA, there are many different sources of uncertainty.
It is important to understand these to properly evaluate the results of the
calculations (Hauschild et al., 2017). Furthermore, the uncertainties provide
the starting point for further research and refinement of the model. Table 4 lists
the four types of uncertainty according to Hauschild et al. (Hauschild et al.,
2017).
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Table 4. Different types of uncertainty (Hauschild et al., 2017)

Parameter uncertainty

Describes the variability and uncertainty of model
input parameters

Model uncertainty

Describes the uncertainty of the model itself

Scenario uncertainty

Describes uncertainty regarding choices and
scenarios

Relevance uncertainty

Describes the uncertainty in relevance of the
indicators regarding the interpretation of results

This chapter identifies sources of uncertainty and assigns them to one of
the types of uncertainty. Moreover, it examines if the uncertainty can be
quantified, how it impacts the results, and how they could be reduced.

Model uncertainties
The way the building is modeled has a large impact on the results. The
object of this study is not a real building but instead, a model representing a
typical residential building in R.I. which was defined using averages and
assumptions obtained from literature and personal communication with
experts for typical buildings in the region. Naturally, these come with
uncertainty. The quantities of the components are estimates based on
calculations from typical designs reported. This uncertainty falls under the
category of parameter uncertainty.
As buildings are very complex systems, the inventory’s extent and level of
detail must be limited. These limits affect the results and are defined in the
system boundaries. A more detailed inventory can be created to decrease the
uncertainty. However, the contribution of parts in ever-smaller quantities gets
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less significant and changes in the calculations are very small. This is part of
the model uncertainty (Hauschild et al., 2017).
As this study examines a generic building, it is assumed that the
retrofitting measure will be implemented immediately. Many different factors
can affect such a decision. In the case of a boiler, it might be reasonable to
replace it before the end of its expected service life to avoid failing during
winter when it becomes more expensive to replace during an emergency. On
the other hand, some parts involved in a retrofit might exceed the estimated
service life; therefore, replacing functioning parts too early could be financially
and ecologically disadvantageous. Furthermore, rebates, subsidies, or special
offers by governments or providers of retrofitting solutions might affect the
retrofit's implementation timing. This is part of scenario uncertainty, as the
timing of the implementation of retrofits is based on a simplification.
The life cycle stages included in the study also affect the results. In this
study, not all possible life cycle stages are included. For example, any
emissions that occur during the end-of-life stages of the building are not
included in this study. Their impact is less than 5 % (Evangelista et al., 2018;
Lavagna et al., 2018; Nemry et al., 2010; Petrovic et al., 2019a; Struhala &
Ostrý, 2021). However, to give a more detailed analysis, end-of-life could be
included in future studies. This study's conclusions and suggestions remain
valid even if these stages are not included.
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Advanced synergies
Buildings are complex systems with various synergies that are not
immediately evident. For example, sealing the building without a concept for
water management can lead to moisture accumulating within the walls, which
could damage the walls (Nemry et al., 2010; U.S. Department of Housing and
Urban Development, 2002). This necessitates further refurbishment or, in the
worst case, shortens the building's life span and requires a rebuild. In this
case, the savings by increased airtightness are offset by the need to build a
new house. Water management must always be considered when changing
the building's physics, especially when natural ventilation could be affected or
insulation changes can lead to vapor condensation (Macht, 2022). For this
reason, an expert's opinion should always be sought to account for each
building’s circumstances.
Additional insulation in the walls automatically increases the airtightness
of the walls due to a denser filling of the cavities (Macht, 2022), which is
another example of advanced synergies. However, effects like this are
complex and hard to quantify, while their impacts are comparatively small.
Thus, these kinds of advanced synergies will not be considered in this study. It
is assumed that each retrofitting measure only impacts its primary intended
purpose.

Utilized data
The data chosen to calculate environmental impacts influences the
results. In this study, the Ecoinvent-database is used for providing inventory
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data. This data is part of the background system. Ecoinvent is widely accepted
and used in many studies (Chastas et al., 2018). The database is not
specifically designed for the construction context. Therefore, some materials
or processes are not defined, and a similar alternative is used, which can only
be an approximation. This leads to less accurate results.
A bigger share of the process’ overall impact implies more pronounced
uncertainties resulting from that dataset. Materials in small quantities with
small impacts do not affect the result much. Attention must be paid to those
processes with a big impact. In this study, burning fuel oil for space heating is
the biggest contributor to GWP. Therefore, using more accurate data for this
process should be the starting point when trying to reduce uncertainty.

Applicability to other buildings
The results of this study are based on the characteristics of the model
building. The applicability of the results to other buildings depends on how
closely they match the characteristics of the model building. While the
quantitative effects of each individual measure apply to most residential SFD
buildings in N.E., the effect’s extent depends on each building’s individual
characteristics. This might also affect the order in which different measures
should be implemented. If, for example, a building already is equipped with a
relatively new and efficient boiler, the gains of installing a new boiler are
naturally smaller. The same applies to the costs of implementing retrofitting
measures. These depend on many different factors and can vary significantly.
The costs in this study are an approximation based on an expert’s
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opinion (Macht, 2022). The actual costs of implementing a measure also
influence the decision-making if financially driven. To determine the ranking of
the measures financially or ecologically, adjusting the parameters to fit the
specific building is necessary.
Regardless, the results of the study can be used by homeowners to help
understand how retrofitting measures affect the financial and environmental
performance of a building.

Implications of uncertainty for results of this study
Uncertainty cannot be eliminated from the results of an LCA (Hauschild et
al., 2017). Assumptions are necessary, and not every single part can be
traced back to its ultimate source. Nonetheless, uncertainty should be
understood and managed so that the study results remain
meaningful (Hauschild et al., 2017).
The goal of this study is not to give homeowners absolute numbers by
which they can reduce the GHG emission of their building by retrofitting but
rather to provide a guideline on how different measures affect energy demand,
which measures should be implemented first, and what role the inhabitant’s
behavior can have regarding space heating and cooling.
The results of this study should be taken as trends that, even accounting
for uncertainty, allow suggestions and recommendations to homeowners and
policymakers.
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CHAPTER 4
RESULTS
Carbon footprint of the building
According to Brightway2, the footprint of the building itself is
25,825 kg CO2e. The newly calculated carbon footprint using the BEAM
spreadsheet is 18,750 kg CO2e (see Figure 5) which is 27 % less than the
results using Brightway2.
Analysis of the Brightway2 results show that the windows are a big
contributor to GWP, which account for 4,337 kg CO2e. In the spreadsheet, the
windows only account for 2,486 kg CO2e. The data from the BEAM
spreadsheet is expected to be more accurate, as the data is constructionspecific and regional. If this carbon footprint for the windows was assumed
within the Brightway2 calculation, this leads to an overall footprint of
approximately 23,974 kg CO2e, in which case the spreadsheet’s result differs
by less than 22 %. This relatively small variation shows that Brightway2 can be
used to estimate the carbon footprint of the building, especially since the GHG
emissions over the lifetime of the building are bigger by two orders of
magnitude. Therefore, these differences in the footprint of the building itself
are considered negligible. However, including the primary data for building
materials from the spreadsheet in a LCA-database such as Ecoinvent or a
new database would allow more precise calculations of embodied carbon
emissions.
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Figure 5 summarizes the results from the BEAM spreadsheet. The
reinforced concrete parts of the building account for 52.6 % of the building’s
embodied emissions. If the windows are included, these parts account for
almost two-thirds of the building's embodied emissions (64.9 %). However, the
superstructure of the building is made from timber structures, which have a
relatively small footprint. Therefore, the overall footprint of the building is
relatively small, with 110 kg CO2e/m2.
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Figure 5. Embodied greenhouse gas emissions calculated with BEAM spreadsheet
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Comparison of individual measures
Figure 6 shows the distribution of GWP using Monte Carlo simulations. All
retrofitting measures reduce the lifetime GWP of the building. Installing
programmable thermostats and air sealing the building causes the biggest
reduction, and irresponsible behavior leads to an increased GWP.

Figure 6. Boxplot global warming potential for scenarios after Monte-Carlo Simulation

Figure 7 summarizes each scenario's annual energy demand and GWP. Each
retrofitting measure leads to a reduction in energy demand. Additionally, the
strong correlation between energy demand and GWP over the building’s
lifetime can be observed. The measures that reduce the annual energy
demand the most also lead to the biggest decrease in GWP.
Programmable thermostats and building air sealing lead to the biggest
reduction in energy demand and GWP (compare Table 5: 7% and 5% in
GWP). Assuming that the pre-retrofit phase does not influence the future
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energy performance, analysis of only the future GWP shows that 17% and
11% GWP are saved over the remaining lifetime.
Moreover, the big increase in energy demand caused by irresponsible
heating and cooling behavior can be seen. Setting very high heating setpoints
during winter and very low cooling during summer leads to a 10% increase in
GWP in total and a 23 % increase when considering the RSL.
Installing programmable thermostats and sealing the building perform the
best financially. This is due to their great potential in decreasing energy
demand while having relatively low implementation costs.

Figure 7. Energy demand and global warming potential for retrofitting scenarios

Table 5 shows that all retrofitting measures except adding wall insulation
have positive NPVs, saving money overall. Upgrading the walls is relatively
expensive while not offering a lot of energy savings potential in this model.
Replacing AC units only slightly reduces GWP but has a positive NPV.
Installing programmable thermostats should be the first measure
implemented, as it performs the best environmentally and financially.
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Additionally, this measure is easy to implement. The second-best measure is
air sealing the building. Much operational energy can be saved, leading to
considerable monetary savings and a reduction in GWP. Irresponsible heating
and cooling behavior costs almost $ 27,000 compared to the baseline
scenario.

Table 5. Global warming potential savings and net present value for retrofitting scenarios
#

Scenario name

S1
S2
S3
S4
S5
S6
S7
S8

Baseline
Walls
Attic
Seal
Boiler
AC
Program. thermostats
Irresp. behavior

GWP
kg CO2e
1.59E+06
1.56E+06
1.57E+06
1.52E+06
1.55E+06
1.59E+06
1.48E+06
1.75E+06

NPV
Savings Savings RSL
0%
0% -2%
-5% $
-2%
-4% $
-5%
-11% $
-3%
-7% $
0%
-1% $
-7%
-17% $
10%
23% $

(4,859.05)
2,054.13
9,721.29
5,013.22
2,502.22
19,254.96
(26,967.11)

The best three measures regarding GWP are installing programmable
thermostats, air sealing the building and installing a more efficient boiler.
Combinations of these three will be analyzed in the following chapter along
with all-in strategies financially and ecologically.
More detailed results can be found in the Appendix.
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Comparison of combinations
Figure 8 shows the distribution of GWP using Monte Carlo simulations. All
combinations reduce the lifetime GWP of the building. Implementing all
retrofitting measures leads to the greatest reduction in GWP.

Figure 8. Boxplot of global warming potential for combinations after Monte-Carlo Simulation

Figure 9 summarizes the annual energy demand and the GWP for each
combination. All retrofitting combinations lead to a reduction in energy demand
and GWP. However, if combined with all measures that reduce GWP,
irresponsible behavior can almost completely offset the GWP reductions.

60

Figure 9. Energy demand and global warming potential for retrofitting combinations

Figure 9 and Table 6 show that each combination of retrofitting measures
leads to a reduction in energy demand and, consequently, in GWP. As
expected, the all-in environment combination leads to the biggest reduction in
GWP by 17 %, while the all financially positive strategy leads to the biggest
NPV of $ 36,000.
Sealing and installing programmable thermostats reduces the GWP by
12 % while having a similar NPV as the all-in environment strategy. This can
be achieved with relatively easy and quick measures compared to all-in
combinations.
In contrast, those combinations including irresponsible behavior have a
similar GWP compared to the baseline scenario although including a variety of
retrofitting measures. This behavior offsets the reductions in GWP through
retrofitting while coming with high extra costs of up to $ 10,000.
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Table 6. Global warming potential savings and net present value for retrofitting combinations
#

Scenario name

C1
C2
C3
C4
C5
C6
C7
C8

Seal & Boiler
Seal & program. thermostats
Boiler & program. thermostats
Top 3 environment
All-in environment
All-in environment + irresp.
All financially positive
All financially positive + irresp.

GWP
kg CO2e
1.48E+06
1.40E+06
1.44E+06
1.37E+06
1.32E+06
1.56E+06
1.34E+06
1.58E+06

NPV
Savings Savings RSL
-8%
-18% $
-12%
-29% $
-10%
-23% $
-14%
-34% $
-17%
-41% $
-2%
-6% $
-16%
-38% $
-1%
-2% $

More detailed results can be found in the Appendix.
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13,828.82
28,748.60
23,000.22
31,633.46
28,072.22
(9,894.53)
36,211.46
(1,643.28)

Ecoefficiency
An ecoefficiency plot visualizes the retrofitting strategies’ overall
ecological and economic performance.

Figure 10. Ecoefficiency of retrofitting strategies

Points in the bottom right quadrant of Figure 10 have a lower lifetime
GWP and a positive NPV. These measures and combinations are superior to
the baseline scenario environmentally and financially. The all financially
positive strategy leads to the biggest NPV, while the all-in environment
approach leads to the smallest GWP.
Irresponsible behavior is the only scenario that leads to an overall
increase in GWP while also having the greatest negative NPV. Both
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combinations that include irresponsible behavior and the insulation of walls
lead to a reduction of GWP compared to the baseline scenario. However,
these strategies have a negative NPV. Therefore, insulating the walls is less
likely to be implemented.
Retrofitting strategies that perform well financially often also imply
reductions in GWP. The line in Figure 10 highlights the correlation between
GWP and NPV. The correlation between annual energy demand and GWP
was pointed out earlier in this study. Energy demand and NPV are inherently
connected through utility costs. This explains the connection between GWP
and NPV.
The ecoefficiency chart helps with the decision-making for a retrofitting
strategy. A homeowner can easily identify which strategies are superior and
which to implement based on the ecoefficiency. This depends on whether the
decision is financially or ecologically driven.
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Additional impact categories
Analysis of different impact categories shows that all impact categories
behave similarly to GWP for all investigated retrofitting strategies, indicating
that the secondary impact categories are also mainly driven by space heating.

Figure 11. Impact of retrofitting strategies on secondary impact categories

A decrease in GWP compared to the baseline scenario never leads to an
increase of another indicator. Thus, the examined measures show no signs of
burden-shifting across the examined impact categories.
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Life Cycle Stages
The operational phase of the building’s life cycle accounts for the vast
majority of the overall GWP. Even for the combination that leads to the biggest
reduction in operational energy, GHG emissions from operational energy
account for 98 % of the emissions when looking at all emissions from building
materials and operation.

Figure 12. Share of embodied emissions and contribution for operational emissions

This study investigates a combination of a building mostly using timber
structures with little embodied emissions but a high operational energy
demand. Furthermore, fuel oil is an emission-intensive heating energy source,
and the assumed service life of 70 years is relatively long compared to
assumptions in other studies (Chastas et al., 2018).
The building inventory for embodied emissions only includes the building
structure, potentially underestimating embodied emissions, although this effect
is considered minor. The combination of the mentioned factors leads to a very
high share of operational energy.
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This model’s main driver for operational emissions is the energy used for
space heating. The most important step is reducing operational energy,
specifically heating energy, to reduce the GWP of residential buildings. This
can be achieved through various measures as this study’s results show. For
newer buildings, the embodied emissions within the building might be of
greater importance. In this context, however, they only play a minor role.
When assessing the carbon footprint of a building, close attention should
be paid to the source for space heating. Reducing uncertainty in this area will
significantly increase the overall calculation's precision.

Impact of utility prices
Utility prices affect the financial performance of the retrofitting measures.
Higher prices for oil and electricity make reducing energy demand more
lucrative. Recently, oil prices have increased considerably. After the Covid-19
pandemic lowered the prices for energy in 2020 because of a lack in demand,
oil companies decreased oil supply. When demand rose again, supply lagged,
therefore leading to high prices (Krauss, 2022a).
Additionally, oil prices have increased further due to the recent war in
Ukraine and the European Union’s ensuing embargo on most Russian oil
imports (Krauss, 2022b). As the prices for utilities increase, the same savings
in energy demand lead to greater financial savings. If the cost of implementing
the measure is not affected by the utility prices (as is assumed in this study),
the NPV of implementing these measures grows.
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Figure 13. Impact of changes in utility prize on net present value

As shown in Figure 13, increased utility prices lead to a higher NPV for
every retrofitting strategy except for the scenario of irresponsible behavior.
This scenario has a worse NPV when utility prices increase. This is due to the
higher energy demand compared to the baseline scenario leading to
increased costs.
If the current high price levels will remain cannot be known as of now.
Nonetheless, events like these give a further incentive to reduce the demand
for fossil fuels, apart from protecting the environment.
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CHAPTER 5
DISCUSSION
In this study, the LCA method was successfully used to evaluate how
different retrofitting measures can reduce the GWP and operational cost of a
single-family residential building in R.I.
It shows that the operational GHG emissions far outweigh possible
embodied carbon emissions impacts. Chastas et al. (Chastas et al., 2018)
state that the range for the share of embodied carbon emissions is from 9 % to
80 % after normalization. However, a range for embodied carbon emissions
from 7 % to 9 % is given for the U.S. energy mix. When adjusting the results to
account for the longer lifetime in this study, embodied carbon emissions make
up 2.9 % of the total GHG emissions. Kumar et al. (Kumar et al., 2015) state a
share of operational GHG emissions of 96 % for single-family buildings in
Canada, supporting the results of this study.
The results show that the model building has relatively low embodied
GHG emissions due to the use of timber components, whereas the operational
emissions are high. This is caused by the high energy demand of the building
combined with the GHG emission-intensive energy source of fuel oil.
This study also shows that environmental impacts are closely correlated to
the energy use of the building, which agrees with Kumar’s (Kumar et al., 2015)
findings. This applies especially to the combination of a GHG-intensive energy
mix and an old building with a high energy demand like in this study. Kumar’s
statement that operational energy reductions of around 50 % to 90 % are
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necessary before reducing embodied emissions is strongly supported by this
study.
The main sources for embodied GHG emissions of the building are
identified to be the components made from reinforced concrete, accounting for
almost two-thirds of the total embodied emissions. This agrees with findings in
numerous other studies (Evangelista et al., 2018; Hasik et al., 2019; Petrovic
et al., 2019a).
Chastas et al. (Chastas et al., 2018) normalized GWP results from
different studies. Their work gives a range for embodied carbon of wood
structures from 179.3 kg CO2e/m2 to 496 kg CO2e/m2. The baseline building in
this study has a carbon footprint of 156.4 kg CO2e/m2, below that range but
close to the lower end of it. However, some of the LCAs reviewed as part of
that study have a similarly low carbon footprint but are cut-off during the
normalization process. This cut-off is based on previously defined rules within
that study.
Operational GHG emissions are given with a range of 1050 kg CO2e/m2 to
4050 kg CO2e/m2 (Chastas et al., 2018). The all-in environmental approach in
this study has an operational GHG emission amount of 7881 kg CO2e/m2. This
is well above the upper limit of the given range. However, Chastas assumes a
lifetime of 50 years compared to 70 years in this study. When multiplying the
results of this study by 50⁄70 to account for the longer lifetime, the operational
emissions are 5629.5 kg CO2e/m2. This is still above the upper limit, although
there are LCAs within Chastas’ study with higher operational emissions that
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are cut off during the normalization process. This also helps explain the very
high share of operational emissions of the total emissions of 97.9 %, even in
the case of the “all-in environment” combination.
The calculated reductions in GWP through retrofitting range between 8 %
and 17 %. Nemry et al. (Nemry et al., 2010), who analyzed similar retrofitting
strategies for buildings in Europe, state that insulating walls and attic and air
sealing the building lead to a reduced GWP by at least 20 % in most cases.
Considering the mentioned limitations when comparing different LCA studies,
these results are very similar with Nemry’s findings.
Shirazi et al. (Shirazi & Ashuri, 2020) claim a site energy reduction of
15 % through air sealing attic and crawlspace. In this study, air sealing
reduces operational energy demand by 11 % which is comparable with
Shirazi’s results.
The financial savings for retrofitting scenarios can be significant,
exceeding $ 36,000 in case of the “all financially positive” combination. All
individual measures examined in this study have a positive NPV except for
insulating the walls. This shows that these measures not only reduce the GWP
of the building but also save money over the lifetime of the building. This gives
a further incentive to homeowners to implement these measures. If awareness
is raised of these results, it can be expected that homeowners will consider
implementing retrofitting measures to save money while at the same time
reducing their building’s carbon footprint.
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No study could be found that investigates irresponsible heating and
cooling behavior. However, this study finds that the behavior strongly
influences the energy demand and subsequent GHG emissions. Therefore, a
strong emphasis must be put on educating homeowners on this relationship.
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CHAPTER 6
CONCLUSION AND OUTLOOK
This study examined the global warming potential and financial
considerations of retrofitting strategies for residential buildings in R.I. using
LCA. This study fills a knowledge gap for retrofitting buildings for the area of
N.E. and specifically R.I. While the results of this study should not be taken as
absolute values that can be extrapolated to any building, they do offer trends
and show potentials for retrofitting, which relates to many buildings in the N.E.
region.
The object of this study is a modeled SFD building defined as a typical
regional building. The specifications for the building are based on the
ESSABHA (Energy Star, 2012a), the RECS (U.S. Energy Information
Administration, 2015), and information from local architects.
The majority of GHG emissions from the model building are caused during
the operational phase of the building (97.9 % operational GHG emissions for
the scenario with all retrofitting measures implemented). The operational
emissions are mainly caused by space heating the building.
The results of this study fall within the range of other LCA studies
(Chastas et al., 2018; Kumar et al., 2015), although the operational emissions
are relatively high compared to other studies (Chastas et al., 2018). This can
be explained by the high energy demand of the building as well as fuel oil as
the heating energy source.
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It was shown that all retrofitting measures for this study reduced GHG
emissions over the lifetime of the building. Furthermore, all retrofitting
measures except for adding insulation to the walls have a positive NPV, thus,
being financially beneficial.
Installing programmable thermostats and adjusting space heating and
cooling schedules and thermostat setpoints was identified to lead to the
biggest reduction of GHG emissions of all measures examined in this study
while also leading to the biggest monetary savings. Moreover, installing these
thermostats is relatively inexpensive and simple to implement. Therefore,
based on the results of this study, this should be the first measure
implemented when retrofitting a residential building.
Implementing all the retrofitting measures examined in this study can lead
to a reduction of GHG emissions of 17 % over the whole building lifecycle,
which translates to 41 % over the RSL of the building while saving more than
$ 28,000. The financial savings are maximized when only implementing
financially beneficial measures (i.e., all except for insulating walls) and amount
to more than $ 36,000 over the RSL.
This study also investigated the impact of irresponsible heating and
cooling behavior through high heating and low cooling thermostat setpoints. A
sharp increase of 10 % GHG emissions can be observed for this scenario,
leading to additional costs of more than $ 27,000. Furthermore, this heating
and cooling behavior can almost completely offset the reductions in GHG
emissions achieved through implementing all retrofitting measures (only 2 %
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residual GHG reduction compared to 17 % reduction with reasonable
behavior).
Retrofitting has been identified as an important way to reduce GHG
emissions in the building sector. This study shows that retrofitting can reduce
the GHG emissions of a single-family building by more than 40 % over the
RSL while also being financially beneficial. These results further highlight the
valuable impact of retrofitting existing buildings while emphasizing the
importance of the inhabitant’s willingness to adjust heating and cooling
behavior.
These conclusions provide valuable information to homeowners to support
decision-making and raise awareness of the benefits of retrofitting their
buildings. Furthermore, regional policies can be shaped by the knowledge
gained from this study to incentivize implementing these retrofitting strategies
to reduce GHG emissions. This can be accomplished through subsidizing
retrofitting measures, raising awareness, and educating society. Yet, which
retrofitting strategy is best for an individual building still depends on the
specific characteristics and circumstances, and professional evaluation is
necessary.
Further research is necessary to improve the LCI data quality for building
LCAs. This will increase the accuracy of the results. Tools like the BEAM
spreadsheet (Builders for Climate Action, 2022) help evaluate the carbon
footprint of buildings. Implementing this data in LCI databases would help
while conducting future LCAs.
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Dynamic modeling of the future service life could include development in
the energy mix towards a greater share of renewable energy sources. This
would account for reduced operational emissions given a constant energy
demand and leads to a better depiction of the future environmental
performance of the building. Additionally, changing the main energy source for
space heating to a less GHG emission-intensive source also including
renewable energy sources such as geothermal or solar as a retrofitting option
would be an interesting scenario. Further investigating different space heating
sources is very relevant, since space heating causes the highest amount of
GHG emissions over the lifetime of a building in this context (Kumar et al.,
2015).
Creating an integrated model with adjustable building characteristics such
as size, main heating energy source and location to enable the comparison of
different objects and decision-making based on environmental and financial
performance would help homeowners evaluate specific cases.
Consistently including the financial performance of retrofitting strategies in
LCAs is advised, as the implementation frequently depends on financial
considerations. Furthermore, future developments in utility prices or interest
rates could be simulated. Creating an ecoefficiency plot to visualize the
results offers a clear view of the results in the environmental and financial
dimensions.
Various options exist on how to continue this research. This work presents
one of the first analyses comparing retrofitting alternatives in Rhode Island in

76

terms of global warming potential and costs. The results obtained provide a
foundation for future studies that could expand on the alternatives studied and
include data generated locally.
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W3 Attic w/o operational

W4 Walls & Attic w/o operational
S0 Baseline 40 years
-

-

-

-

155.0 163534
234.4 247305
152.3 160685
131.5 138740
142.5 150345
120.9 127556
106.5 112363
177.5 187272
113.8 120065
184.3 194447

W1
W1
W1
W1
W1
W1
W4
W4
W3
W3

Program. thermostats
Irresp. behavior

Seal & Boiler

Seal & program. thermostats

Boiler & program. thermostats

Top 3 environment

All-in environment

All-in environment + irresp.

All financially positive

All financially positive + irresp.

S7
S8

C1

C2

C3

C4

C5

C6

C7

C8

78
kg CO2 e
2.58E+04
2.60E+04
2.64E+04
2.66E+04
9.22E+05
1.59E+06
1.56E+06
1.57E+06
1.52E+06
1.55E+06
1.59E+06
1.48E+06
1.75E+06
1.48E+06
1.40E+06
1.44E+06
1.37E+06
1.32E+06
1.56E+06
1.34E+06
1.58E+06

#

W1

W2

W3

W4
S0

S1

S2

S3

S4

S5

S6

S7
S8

C1

C2

C3

C4

C5

C6

C7

C8

-

-

-

-1%

-16%

-2%

-17%

-14%

-10%

-12%

-8%

-7%
10%

0%

-3%

-5%

-2%

-2%

6.56E+05

4.20E+05

6.34E+05

3.96E+05

4.46E+05

5.15E+05

4.80E+05

5.53E+05

5.55E+05
8.28E+05

6.66E+05

6.24E+05

5.95E+05

6.49E+05

6.40E+05

6.73E+05

kg CO2 e

-2%

-38%

-6%

-41%

-34%

-23%

-29%

-18%

-17%
23%

-1%

-7%

-11%

-4%

-5%

0%

189.6 200039

W1

AC

S6

0%

174.3 183896

W1

Boiler

S5

-

165.6 174717

W1

Seal

S4

-

-

-

-

-3%

-40%

-6%

-44%

-36%

-25%

-31%

-20%

-18%
24%

0%

-8%

-13%

-4%

-5%

0%

0%

-

-

-

-

6.2 1817

4.9 1436

6.1 1788

4.7 1377

4.9 1436

5.2 1524

4.9 1436

5.9 1729

5.2 1524
6.4 1876

6.1 1788

6.1 1788

5.9 1729

6.1 1788

6.1 1788

6.1 1788

6.1 1788

-

-

-

-

-

-

-

-

2%

-20%

0%

-23%

-20%

-15%

-20%

-3%

-15%
5%

0%

0%

-3%

0%

0%

0%

0%

2.64E+04

2.64E+04

2.66E+04

2.66E+04

2.58E+04

2.58E+04

2.58E+04

2.58E+04

2.58E+04
2.58E+04

2.58E+04

2.58E+04

2.58E+04

2.64E+04

2.60E+04

2.58E+04

kg CO2 e

1.55E+06

1.32E+06

1.53E+06

1.29E+06

1.34E+06

1.41E+06

1.38E+06

1.45E+06

1.45E+06
1.72E+06

1.56E+06

1.52E+06

1.49E+06

1.54E+06

1.54E+06

1.57E+06

kg CO2 e

-

-

-

-

98.3%

98.0%

98.3%

98.0%

98.1%

98.2%

98.2%

98.2%

98.3%
98.5%

98.4%

98.3%

98.3%

98.3%

98.3%

98.4%

GWP building GWP operation Share operational

182.2 192231

W3

Attic

S3

GWP RSL

179.8 189699

W2

Walls

S2

GWP

189.6 200039

W1

Baseline

S1

189.6 200039

-

W1

-

Heating (electricity)

5.7 6014

5.8 6119

5.7 6014

5.8 6119

5.8 6119

5.8 6119

5.8 6119

5.7 6014

5.8 6119
5.7 6014

5.7 6014

5.7 6014

5.7 6014

5.7 6014

5.7 6014

5.7 6014

5.7 6014

-

-

-

-

Cooling (electricity) Lighting (el.)

Sum

-

-

-

-

0%

2%

0%

2%

2%

2%

2%

0%

2%
0%

0%

0%

0%

0%

0%

0%

0%

-

-

-

-

938

469
528
5.7 1671

1.8

5.3 1553

1.6

3.7 1084

3.7 1084

3.7 1084

5.9 1729

3.7 1084
11.4 3341

3.2

6.0 1758

5.9 1729

5.4 1583

5.4 1583

6.0 1758

6.0 1758

-

-

-

-

-

-

-

-

-5%

-70%

-12%

-73%

-38%

-38%

-38%

-2%

-38%
90%

-47%

0%

-2%

-10%

-10%

0%

0%

-

-

-

-

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931
10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

10.0 2931

-

-

-

-

-

-

-

-

211.9

136.3

204.6

128.6

145.3

167.2

155.9

179.8

179.7
267.9

214.6

202.1

193.1

209.4

207.0

217.4

217.4

-

-

-

-

-3%

-37%

-6%

-41%

-33%

-23%

-28%

-17%

-17%
23%

-1%

-7%

-11%

-4%

-5%

0%

0%

Savings mmBTU kWh Savings mmBTU kWh mmBTU Savings

Water heating (oil)

Savings mmBTU kWh Savings mmBTU MJ

Heating (oil)
mmBTU MJ

W2 Walls w/o operational

Scenario name

W1 Baseline w/o operational

#
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S4, S5
S4, S7
S5, S7
S4, S5, S7
S2, S3, S4, S5, S6, S7
S2, S3, S4, S5, S6, S8
S3, S4, S5, S6, S7
S3, S4, S5, S6, S8

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

10,000.00
2,000.00
1,500.00
1,500.00
400.00
100.00
1,500.00
1,600.00
1,600.00
3,100.00
15,500.00
15,400.00
4,000.00
3,900.00

Heating Oil Price
Electricity price

30
30
30
20
12
15
30
30
30
30
30
30
30
30
30

3.952 $/gal
0.24 $/kWh
-

S3, S4, S5, S6, S7
S3, S4, S5, S6, S8

C7
C8

-

4,000.00
3,900.00

30 $
30 $

S4, S5
S4, S7
S5, S7
S4, S5, S7
S2,
S8
S6, S7
S5, S6,
S4, S5,
S3, S4,
S2, S3,

W1
W2
W3
W4
S1
S2
S3
S4
S5
S6
S7
S8
C1
C2
C3
C4
C5
C6
C7
C8

10,000.00
2,000.00
1,500.00
400.00
100.00
1,500.00
1,600.00
1,600.00
3,100.00
15,500.00
15,400.00

$
$
$
$
$
$
$
$
$
$
$
$

30
30
30
20
12
15
30
30
30
30
30
30
30

-

Implementation

W1
W2
W3
W4
S1
S2
S3
S4
S5
S6
S7
S8
C1
C2
C3
C4
C5
C6

Lifetime

0.20 $/kWh

Electricity price

Measure # included

3.17 $/gal

Heating Oil Price

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
10,000.00
2,000.00
1,500.00
2,250.00
1,000.00
200.00
3,750.00
1,700.00
2,450.00
3,950.00
16,950.00
16,750.00
4,700.00
4,500.00

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
10,000.00
2,000.00
1,500.00
1,915.26
778.94
164.19
3,415.26
1,664.19
2,079.44
3,579.44
16,358.38
16,194.20
4,443.12
4,278.94

Total cost over RSL NPV total cost
10,000.00 $ 10,000.00
$
2,000.00
2,000.00 $
$
1,500.00
$
2,250.00 $
1,500.00
1,915.26
$
778.94
1,000.00 $
$
164.19
200.00 $
$
$
$
3,415.26
3,750.00 $
$
1,664.19
1,700.00 $
$
2,079.44
2,450.00 $
$
3,579.44
3,950.00 $
$
16,950.00
$
16,750.00 $ 16,358.38
$
$ 16,194.20
4,443.12
4,700.00 $
$
4,278.94
4,500.00 $
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
5,454.66
5,172.72
5,241.76
4,764.19
5,014.49
5,454.66
4,459.24
6,743.52
4,381.56
3,783.16
4,099.62
3,478.21
3,063.93
5,106.55
3,273.94
5,302.18

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
281.94
212.89
690.46
440.17
995.42
(1,288.86)
1,073.09
1,671.50
1,355.03
1,976.45
2,390.73
348.11
2,180.71
152.48

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
427.33
427.33
427.33
413.23
427.33
427.33
364.24
448.36
413.23
343.20
364.24
343.20
329.10
427.33
343.20
434.26

Lighting
Cost $
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$ 597.86
$
597.86
$ 597.86

Sum
Savings $
Cost $
$ 5,701.78 $
262.29
$ 5,439.50 $
206.84
$ 5,494.95 $
572.50
$ 5,129.28
353.49
5,348.30 $
167.40
$ 5,534.38 $
990.75
$ 4,711.03 $
$ 7,077.63 $ (1,375.84)
879.78
$ 4,822.00 $
$ 4,150.15 $ 1,551.64
$ 4,422.24 $ 1,279.55
$ 3,905.25 $ 1,796.54
$
321.40
$ 2,266.82
5,380.38 $
$ 3,434.97
$
$
$
$
$
$
$
$
$
$
$
$

$ 700.44 $ 7,002.69 $
$ 420.26 $
$
323.97 $
42.03 $ 700.44 $ 6,678.73 $
$ 378.24 $
$
254.92 $
42.03 $ 700.44 $ 6,747.77 $
$ 378.24 $
$
711.57 $
7.00 $ 700.44 $ 6,291.12 $
$ 14.10 $ 413.26 $
440.17 $
$ 700.44 $ 6,562.52 $
$ 420.26 $
$
196.12 $
$ 224.14 $ 196.12 $ 700.44 $ 6,806.57 $
$
$ 63.10 $ 259.16 $ 161.10 $ 700.44 $ 5,783.08 $ 1,219.61 $
$ (21.03) $ 798.50 $ (378.24) $ 700.44 $ 8,690.83 $ (1,688.13) $
7.00 $ 700.44 $ 5,908.49 $ 1,094.20 $
$ 14.10 $ 413.26 $
$ 84.13 $ 259.16 $ 161.10 $ 700.44 $ 5,085.97 $ 1,916.72 $
$ 63.10 $ 259.16 $ 161.10 $ 700.44 $ 5,423.46 $ 1,579.23 $
$ 84.13 $ 259.16 $ 161.10 $ 700.44 $ 4,781.01 $ 2,221.68 $
$ 98.23 $ 112.07 $ 308.19 $ 700.44 $ 4,205.54 $ 2,797.15 $
397.14 $
49.03 $ 700.44 $ 6,605.55 $
$ 371.23 $
$
$ 84.13 $ 126.08 $ 294.18 $ 700.44 $ 4,443.67 $ 2,559.02 $
166.56 $
21.01 $ 700.44 $ 6,836.13 $
$ (6.93) $ 399.25 $

NPV measure
$ (4,859.05)
$ 2,054.13
$ 9,721.29
5,013.22
$ 2,502.22
$ 19,254.96
$ (26,967.11)
$ 13,828.82
$ 28,748.60
$ 23,000.22
$ 31,633.46
$
(9,894.53)
$ 28,072.22

6,349.86
4,996.53
13,947.05
8,627.53
3,844.10
23,904.98
(33,088.16)
21,446.80
37,568.65
30,953.61
43,545.89
54,825.37
7,784.10
50,158.01
3,264.64

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

(3,650.14)
2,996.53
12,447.05
6,712.27
3,065.16
23,740.79
(33,088.16)
18,031.54
35,904.46
28,874.17
39,966.44
38,466.99
(8,410.09)
45,714.88
(1,014.30)

40,654.58 $ 36,211.46
2,635.66 $ (1,643.28)

5,140.95
4,054.13
11,221.29
6,928.47
3,281.16
19,419.15
(26,967.11)
17,244.08
30,412.79
25,079.67
35,212.91
44,430.60
6,299.67

NPV energy
savings

251.10 $ 597.86 $ 3,627.62 $ 2,074.17 $
134.47 $
17.94 $ 597.86 $ 5,567.32 $

Cooling
Savings $
Cost $
$ 358.72 $
35.87
$ 322.85 $
35.87
$ 322.85 $
5.98
$ 352.74
358.72 $
$ 191.32 $ 167.40
$ 221.21 $ 137.51
$ 681.57 $ (322.85)
5.98
$ 352.74 $
$ 221.21 $ 137.51
$ 221.21 $ 137.51
$ 221.21 $ 137.51
95.66 $
$
41.85
$ 263.06
$ 316.87

71.81 $ 107.62 $
(5.92) $ 340.78 $

Heating (elec)
Savings $
Cost $
$ 364.75 $
$ 364.75 $
$ 364.75 $
$ 352.72
364.75 $ 12.04
$ 364.75 $
$ 310.90 $ 53.86
$ 382.70 $ (17.95)
$ 352.72 $ 12.04
$ 292.94 $ 71.81
$ 310.90 $ 53.86
$ 292.94 $ 71.81
$
$ 83.84
364.75 $
$ 280.91

$ 2,629.19 $ 1,751.26 $ 292.94 $
122.45 $ 370.67 $
$ 4,258.00 $

Heating (oil)
Savings $
Cost $
$ 4,380.45 $
226.42
$ 4,154.03 $
170.97
$ 4,209.48 $
554.49
$ 3,825.96
353.49
4,026.96 $
$ 4,380.45 $
799.39
$ 3,581.06 $
$ 5,415.49 $ (1,035.04)
861.77
$ 3,518.68 $
$ 3,038.13 $ 1,342.32
$ 3,292.27 $ 1,088.18
$ 2,793.23 $ 1,587.22
$
279.55
$ 1,919.91
4,100.89 $
$ 2,460.54

Financial evaluation

Scenario results
Table 7. Results Scenario S1: Baseline

Baseline

S1

GWP embodied

2.58E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

154.4 CO2e/m2
217.4 MMBtu
1.59E+06 CO2e
136.3 CO2e/m2
98.38 %

Lifetime GWP, per area
Share operational GWP of total

Table 8. Results Scenario S2: Insulating walls

Walls

S2

GWP embodied

2.60E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

155.6 CO2e/m2
207 MMBtu
1.56E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure
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9343.9 CO2e/m2
98.33 %
-4.78 %
-2.03 %
-4.82 %
262.29
5,140.95
-10,000.00
-4,859.05

$
$
$
$

Table 9. Results Scenario S3: Insulating attic

Attic

S3

GWP embodied

2.64E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

158.1 CO2e/m3
209.4 MMBtu
1.57E+06 CO2e
9392.2 CO2e/m3
98.32 %

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

-3.68 %
-1.53 %
-3.62 %
206.84
4,054.13
-2,000.00
2,054.13

$
$
$
$

Table 10. Results Scenario S4: Air sealing the building

Seal

S4

GWP embodied

2.58E+04 CO2e
154.4 CO2e/m4
193.1 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.52E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

81

9075.8 CO2e/m4
98.30 %
-11.18 %
-4.84 %
-11.49 %
572.50
11,221.29
-1,500.00
9,721.29

$
$
$
$

Table 11. Results Scenario S5: Choosing a more efficient boiler

Boiler

S5

GWP embodied

2.58E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

154.4 CO2e/m5
202.1 MMBtu
1.55E+06 CO2e
9245.9 CO2e/m5
98.33 %

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

-7.04 %
-3.06 %
-7.26 %
353.49
6,928.47
-1,915.26
5,013.22

$
$
$
$

Table 12. Results Scenario S6: Choosing more efficient AC-units

AC

S6

GWP embodied

2.58E+04 CO2e
154.4 CO2e/m6
214.6 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.59E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

82

9500.3 CO2e/m6
98.37 %
-1.29 %
-0.39 %
-0.93 %
167.40
3,281.16
-778.94
2,502.22

$
$
$
$

Table 13. Results Scenario S7: Installation of programmable thermostats

Program. thermostats

S7

GWP embodied

2.58E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

154.4 CO2e/m7
179.7 MMBtu
1.48E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

8836.7 CO2e/m7
98.25 %
-17.34 %
-7.35 %
-17.43 %
990.75
19,419.15
-164.19
19,254.96

$
$
$
$

Table 14. Results Scenario S8: Irresponsible behavior by inhabitants

Irresp. behavior

S8

GWP embodied

2.58E+04 CO2e
154.4 CO2e/m8
267.9 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.75E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

83

10468.9 CO2e/m8
98.52 %
23.23 %
9.76 %
23.15 %
-1,375.84
-26,967.11
0.00
-26,967.11

$
$
$
$

Table 15. Results Combination C1: Sealing and efficient boiler

Seal & Boiler

C1

GWP embodied

2.58E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

154.4 CO2e/m2
179.8 MMBtu
1.48E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

8822.1 CO2e/m2
98.25 %
-17.30 %
-7.50 %
-17.79 %
879.78
17,244.08
-3,415.26
13,828.82

$
$
$
$

Table 16. Results Combination C2: Sealing and installation of programmable thermostats

Seal & program. thermostats
GWP embodied

C2
2.58E+04 CO2e
154.4 CO2e/m2
155.9 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.40E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

84

8384.3 CO2e/m2
98.16 %
-28.29 %
-12.09 %
-28.68 %
1,551.64
30,412.79
-1,664.19
28,748.60

$
$
$
$

Table 17. Results Combination C3: Efficient boiler and programmable thermostats

Boiler & program. thermostats

C3

GWP embodied

2.58E+04 CO2e
154.4 CO2e/m2
167.2 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.44E+06 CO2e
8598.2 CO2e/m2
98.20 %

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

-23.09 %
-9.85 %
-23.36 %
1,279.55 $
25,079.67 $
-2,079.44 $
23,000.22 $

Table 18. Results Combination C4: Top 3 environment

Top 3 environment

C4

GWP embodied

2.58E+04 CO2e
154.4 CO2e/m2
145.3 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.37E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure
85

8182.0 CO2e/m2
98.11 %
-33.16 %
-14.22 %
-33.71 %
1,796.54
35,212.91
-3,579.44
31,633.46

$
$
$
$

Table 19. Results Combination C5: All-in environment

All-in environment

C5

GWP embodied

2.66E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

159.3 CO2e/m2
128.6 MMBtu
1.32E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

7881.3 CO2e/m2
97.98 %
-40.85 %
-17.37 %
-41.18 %
2,266.82
44,430.60
-16,358.38
28,072.22

$
$
$
$

Table 20. Results Combination C6: All-in environment with irresponsible behavior

All-in environment + irresp.
GWP embodied

C6
2.66E+04 CO2e
159.3 CO2e/m2
204.6 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.56E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

86

9302.4 CO2e/m2
98.29 %
-5.89 %
-2.47 %
-5.85 %
321.40
6,299.67
-16,194.20
-9,894.53

$
$
$
$

Table 21. Results Combination C7: All financially positive

All financially positive

C7

GWP embodied

2.64E+04 CO2e

GWP embodied, per area
Annual energy demand
Lifetime GWP

158.1 CO2e/m2
136.3 MMBtu
1.34E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

8024.8 CO2e/m2
98.03 %
-37.30 %
-15.86 %
-37.62 %
2,074.17
40,654.58
-4,443.12
36,211.46

$
$
$
$

Table 22. Results Combination C8: All financially positive with irresponsible behavior

All financially positive + irresp.
GWP embodied

C8
2.64E+04 CO2e
158.1 CO2e/m2
211.9 MMBtu

GWP embodied, per area
Annual energy demand
Lifetime GWP

1.58E+06 CO2e

Lifetime GWP, per area
Share operational GWP of total
Savings to Baseline
Operational energy
GWP over lifetime
GWP over RSL
Monetary savings to baseline
Annual energy savings
NPV energy saving
NPV investment
NPV measure

87

9437.7 CO2e/m2
98.32 %
-2.53 %
-1.05 %
-2.49 %
134.47
2,635.66
-4,278.94
-1,643.28

$
$
$
$

W3 Activity
building_W3
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
W4 Activity
building_W4
wall_timber_insul
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
S0 Activity
building_S0
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
S1 Activity
building_S1
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1

building_W3
1
192.7
83.6
37.2
16.0
93.5
building_W4
1
192.7
83.6
37.2
16.0
93.5
building_S0
1
192.7
83.6
37.2
16.0
93.5
building_S1
1
192.7
83.6
37.2
16.0
93.5
70.0
RoW
RoW
RoW
RNA
RoW
RoW
RoW
RoW
RoW
RNA
RoW
RoW
RoW
RoW
RoW
RNA
RoW
RoW
RoW
RoW
RoW
RNA
RoW
RoW
US

unit
square meter
square meter
meter
unit
square meter
unit
square meter
square meter
meter
unit
square meter
unit
square meter
square meter
meter
unit
square meter
year

RoW
RoW
RoW
RNA
RoW
RoW

location
RoW
RoW
RoW
RNA
RoW
RoW

unit
square meter
square meter
meter
unit
square meter

W1 Activity
building_W1
name
amount unit
building_W1
1 unit
wall_timber
192.7 square meter
slab_concrete
83.6 square meter
foundation_wall
37.2 meter
window_plastic
16.0 unit
roof_timber
93.5 square meter
W2 Activity
building_W2
building_W2
1 unit
wall_timber_insul
192.7 square meter
slab_concrete
83.6 square meter
foundation_wall
37.2 meter
window_plastic
16.0 unit
roof_timber
93.5 square meter

S2 Activity
building_S2
wall_timber_insul
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S2
S3 Activity
Exchanges
building_S3
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
energy_op_S1
energy_op_S3
S4 Activity
name
building_S4
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S4
S5 Activity
building_S5
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S5
S6 Activity
building_S6
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S6
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_S4
amount
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_S5
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_S6
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0

building_S2
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_S3

88
RoW
RoW
RoW
RNA
RoW
RoW
US
US

unit
square meter
square meter
meter
unit
square meter
year
year
RoW
RoW
RoW
RNA
RoW
RoW
US
US

location
RoW
RoW
RoW
RNA
RoW
RoW
US
US

unit
unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

RoW
RoW
RoW
RNA
RoW
RoW
US
US

RoW
RoW
RoW
RNA
RoW
RoW
US
US

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

S7 Activity
building_S7
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S7
S8 Activity
building_S8
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_S8
C1 Activity
building_C1
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_C1
C2 Activity
building_C2
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_C2
C3 Activity
building_C3
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_C3

building_S7
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_S8
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C1
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C2
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C3
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
RoW
RoW
RoW
RNA
RoW
RoW
US
US
RoW
RoW
RoW
RNA
RoW
RoW
US
US
RoW
RoW
RoW
RNA
RoW
RoW
US
US
RoW
RoW
RoW
RNA
RoW
RoW
US
US

unit
square meter
square meter
meter
unit
square meter
year
year
unit
square meter
square meter
meter
unit
square meter
year
year
unit
square meter
square meter
meter
unit
square meter
year
year

RoW
RoW
RoW
RNA
RoW
RoW
US
US

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

C4 Activity
building_C4
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber
energy_op_S1
energy_op_C4
C5 Activity
building_C5
wall_timber_insul
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
energy_op_S1
energy_op_C5
C6 Activity
building_C6
wall_timber_insul
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
energy_op_S1
energy_op_C6
C7 Activity
building_C7
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
energy_op_S1
energy_op_C7
C8 Activity
building_C8
wall_timber
slab_concrete
foundation_wall
window_plastic
roof_timber_insul
energy_op_S1
energy_op_C8

building_C4
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C5
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C6
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C7
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0
building_C8
1
192.7
83.6
37.2
16.0
93.5
40.0
30.0

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

unit
square meter
square meter
meter
unit
square meter
year
year

RoW
RoW
RoW
RNA
RoW
RoW
US
US

RoW
RoW
RoW
RNA
RoW
RoW
US
US

RoW
RoW
RoW
RNA
RoW
RoW
US
US

RoW
RoW
RoW
RNA
RoW
RoW
US
US

RoW
RoW
RoW
RNA
RoW
RoW
US
US

Life Cycle Inventory

Timber wall

Activity
wall_timber
name
amount unit
location
wall_timber
1 square meter RoW
Gypsum board
market for gypsum fibreboard
10.89 kilogram
GLO
Insulation
market for glass wool mat
2.14 kilogram
GLO
Air barrier
market for packaging film, low density polyethylene 0.07 kilogram
GLO
Timber parts
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.02 cubic meter
RoW
Plywood
market for plywood
0.01 cubic meter
RoW
Wood shingles
slab and siding, softwood, wet
0.04 cubic meter
RoW
Timber wall insulated Activity
wall_timber_insul
wall_timber_insul
1 square meter RoW
Gypsum board
market for gypsum fibreboard
10.89 kilogram
GLO
Insulation
market for glass wool mat
2.14 kilogram
GLO
Air barrier
market for packaging film, low density polyethylene 0.07 kilogram
GLO
Timber parts
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.02 cubic meter
RoW
Plywood
market for plywood
0.01 cubic meter
RoW
Wood shingles
slab and siding, softwood, wet, measured as dry mass
0.04
to generic
cubic meter
market forRoW
residual
Cellulose insulation market for cellulose fibre
0.87 kilogram
RoW
Timber roof
Activity
roof_timber
roof_timber
1.00 square meter RoW
Gypsum board
market for gypsum fibreboard
12.10 kilogram
GLO
Insulation
market for glass wool mat
2.38 kilogram
GLO
Air barrier
market for packaging film, low density polyethylene 0.08 kilogram
GLO
Rafters
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.03 cubic meter
RoW
Battens
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.01 cubic meter
RoW
Asphalt shingles
market for bitumen seal
10.58 kilogram
GLO
Asphalt felt
market for bitumen seal
0.50 kilogram
GLO
Plywood
market for plywood
0.02 cubic meter
RoW
Timber roof insulated Activity
roof_timber_insul
roof_timber_insul
1.00 square meter RoW
Gypsum board
market for gypsum fibreboard
12.10 kilogram
GLO
Insulation
market for glass wool mat
2.38 kilogram
GLO
Air barrier
market for packaging film, low density polyethylene 0.08 kilogram
GLO
Rafters
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.03 cubic meter
RoW
Battens
market for sawnwood, beam, softwood, raw, dried (u=20%)
0.01 cubic meter
RoW
Asphalt shingles
market for bitumen seal
10.58 kilogram
GLO
Asphalt felt
market for bitumen seal
0.50 kilogram
GLO
Plywood
market for plywood
0.02 cubic meter
RoW
Cellulose insulation market for cellulose fibre
5.70 kilogram
RoW
Activity
slab_concrete
slab_concrete
1 square meter RoW
Gravel bed
market for gravel, crushed
180.62 kilogram
RoW
Concrete slab
market for concrete, 20MPa
0.16 cubic meter
RNA
Rebar
market for reinforcing steel
12.21 kilogram
GLO
Activity
foundation_wall
name
amount unit
location
foundation_wall
1 meter
RNA
Concrete wall
market for concrete, 20MPa
0.52 cubic meter
RNA
Activity
window_plastic
name
amount unit
location
window_plastic
1 unit
RoW
Window
market for window frame, poly vinyl chloride, U=1.6 W/m2K
0.74 square meter GLO
market for glazing, double, U<1.1 W/m2K
1.81 square meter GLO
Activity
insulation_cellulose
insulation_cellulose
1 kilogram
RoW
Cellulose insulation market for cellulose fibre
1.00 kilogram
RoW
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code
43e090bbd2487d34cf53ec3024fa5de6
d8ea1cb6df72a65bc380396325bf1acd
473f0f3fe688fafdc1398c75e29110c2
1a741af616c3467e468d7aa7e4a6eec8
8068a7dbf76e48c521aa081c377c93b1
6b842140ecb5e6b272604e6ed1685e46

43e090bbd2487d34cf53ec3024fa5de6
d8ea1cb6df72a65bc380396325bf1acd
473f0f3fe688fafdc1398c75e29110c2
1a741af616c3467e468d7aa7e4a6eec8
8068a7dbf76e48c521aa081c377c93b1
softwood,
6b842140ecb5e6b272604e6ed1685e46
wet
750d5bd81ff5e442780862f0f0981b75

43e090bbd2487d34cf53ec3024fa5de6
d8ea1cb6df72a65bc380396325bf1acd
473f0f3fe688fafdc1398c75e29110c2
1a741af616c3467e468d7aa7e4a6eec7
1a741af616c3467e468d7aa7e4a6eec7
fdc9f3df8c61e7222c80e0d965f695d8
fdc9f3df8c61e7222c80e0d965f695d8
8068a7dbf76e48c521aa081c377c93b1

43e090bbd2487d34cf53ec3024fa5de6
d8ea1cb6df72a65bc380396325bf1acd
473f0f3fe688fafdc1398c75e29110c2
1a741af616c3467e468d7aa7e4a6eec7
1a741af616c3467e468d7aa7e4a6eec7
fdc9f3df8c61e7222c80e0d965f695d8
fdc9f3df8c61e7222c80e0d965f695d8
8068a7dbf76e48c521aa081c377c93b1
750d5bd81ff5e442780862f0f0981b75

496748f8e2e88e96ee9b5e059a1d1490
364418701255a1edf1d0570411228c46
33754bdc65e8f50fa85abf6a65b61f5e
code
364418701255a1edf1d0570411228c46
code
e6c93a68c5fc4b836d604553f80110f0
886667cb3eac7369ec1248ba405f7a6b

750d5bd81ff5e442780862f0f0981b75
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S8

S7

S6

S5

S4

S3

Heating oil
Heating elec
Water Heat
Cooling
Lighting
S2

S1

energy_op_S1
Activity
1 year
energy_op_S1
200039 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1788 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1758 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S2
Activity
1 year
energy_op_S2
189699 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1788 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1583 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S3
Activity
1 year
energy_op_S3
192231 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1788 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1583 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S4
Activity
1 year
energy_op_S4
174717 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1729 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1729 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S5
Activity
1 year
energy_op_S5
183896 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1788 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1758 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S6
Activity
1 year
energy_op_S6
200039 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1788 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
938 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S7
Activity
1 year
energy_op_S7
163534 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1524 kilowatt hour
market for electricity, low voltage
6119 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1084 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_S8
Activity
1 year
energy_op_S8
247305 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
1876 kilowatt hour
market for electricity, low voltage
6014 megajoule
heat production, light fuel oil, at boiler 10kW, non-modulating
3341 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC
US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8ce57a67e9424d1cad93130f6c275bb3
8aca54dd9318b3805c90c73fb1676437
8aca54dd9318b3805c90c73fb1676437

US
RoW
US-NPCC
RoW
US-NPCC
US-NPCC

energy_op_C1
C1 Activity
1 year
energy_op_C1
megajoule
non-modulating
160685
heat production, light fuel oil, at boiler 10kW,
1729 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6014
heat production, light fuel oil, at boiler 10kW,
1729 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C2
C2 Activity
1 year
energy_op_C2
megajoule
non-modulating
138740
heat production, light fuel oil, at boiler 10kW,
1436 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6119
heat production, light fuel oil, at boiler 10kW,
1084 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C3
C3 Activity
1 year
energy_op_C3
megajoule
non-modulating
150345
heat production, light fuel oil, at boiler 10kW,
1524 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6119
heat production, light fuel oil, at boiler 10kW,
1084 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C4
C4 Activity
1 year
energy_op_C4
megajoule
non-modulating
127556
heat production, light fuel oil, at boiler 10kW,
1436 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6119
heat production, light fuel oil, at boiler 10kW,
1084 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C5
C5 Activity
1 year
energy_op_C5
megajoule
non-modulating
112363
heat production, light fuel oil, at boiler 10kW,
1377 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6119
heat production, light fuel oil, at boiler 10kW,
469 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C6
C6 Activity
1 year
energy_op_C6
megajoule
non-modulating
187272
heat production, light fuel oil, at boiler 10kW,
1788 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6014
heat production, light fuel oil, at boiler 10kW,
1553 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C7
C7 Activity
1 year
energy_op_C7
megajoule
non-modulating
120065
heat production, light fuel oil, at boiler 10kW,
1436 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6119
heat production, light fuel oil, at boiler 10kW,
528 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
energy_op_C8
C8 Activity
1 year
energy_op_C8
megajoule
non-modulating
194447
heat production, light fuel oil, at boiler 10kW,
1817 kilowatt hour
market for electricity, low voltage
megajoule
non-modulating
6014
heat production, light fuel oil, at boiler 10kW,
1671 kilowatt hour
market for electricity, low voltage
2931 kilowatt hour
market for electricity, low voltage
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